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ABSTRACT 
 
 
ZHE GUAN. Boron carbide nanowires: synthesis and characterization. (Under the 
direction of DR. TERRY XU) 
 
 
Bulk boron carbide has been widely used in ballistic armored vest and the 
property characterization has been heavily focused on mechanical properties. Even 
though boron carbides have also been projected as a promising class of high temperature 
thermoelectric materials for energy harvesting, the research has been limited in this field. 
Since the thermal conductivity of bulk boron carbide is still relatively high, there is a 
great opportunity to take advantage of the nano effect to further reduce it for better 
thermoelectric performance. This dissertation work aims to explore whether improved 
thermoelectric performance can be found in boron carbide nanowires compared with their 
bulk counterparts. 
This dissertation work consists of four main parts. (1) Synthesis of boron carbide 
nanowires. Boron carbide nanowires were synthesized by co-pyrolysis of diborane and 
methane at low temperatures (with 879 °C as the lowest) in a home-built low pressure 
chemical vapor deposition (LPCVD) system. The CVD-based method is energy efficient 
and cost effective. The as-synthesized nanowires were characterized by electron 
microscopy extensively. The transmission electron microscopy (TEM) results show the 
nanowires are single crystalline with planar defects. Depending on the geometrical 
relationship between the preferred growth direction of the nanowire and the orientation of 
the defects, the as-synthesized nanowires could be further divided into two categories: 
transverse fault (TF) nanowires grow normal to the defect plane, while axial fault (AF) 
ones grow within the defect plane. (2) Understanding the growth mechanism of as-
iv 
 
 
synthesized boron carbide nanowires. The growth mechanism can be generally 
considered as the famous vapor-liquid-solid (VLS) mechanism. TF and AF nanowires 
were found to be guided by Ni-B catalysts of two phases. A TF nanowire is lead by a 
hexagonal phase catalyst, which was proved to be in a liquid state during reaction. While 
an AF nanowires is catalyzed by a solid orthorhombic phase catalyst. The status of a 
catalyst depends mainly on temperature. (3) Observation of “invisible” defects in boron 
carbide nanowires. The planar defects can only be seen under a transmission electron 
microscope when the electron beam is within the defect plane. Furthermore, there are 
only two directions within that plane, along which the orientation of defect can be told 
and clear TEM results can be taken. The challenge is that the TEM sample holder is 
limited to tilt ±30° in each direction. A theory was developed based on lattice calculation 
and simulation to tell the orientation of defect even not from those unique directions. 
Furthermore, it was tested by experimental data and proved to be successful. (4) 
Preliminary exploration of structure-transport property of as-synthesized boron carbide 
nanowires. In collaboration with experts in the field of thermal science, thermal transport 
properties of a few boron carbide nanowires were studied. All measured nanowires were 
either pre-characterized or post-characterized by TEM to reveal their structural 
information such as diameter, fault orientations and chemical composition. The obtained 
structural information was then analyzed together with measured thermal conductivity to 
establish a structure-transport property relation. Current data indicate that TF ones have a 
lower thermal conductivity, which is also diameter-dependent. 
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CHAPTER 1: INTRODUCTION 
 
 
This dissertation work is motivated by the idea that boron carbide nanowires 
could be promising high temperature thermoelectric materials with enhanced 
thermoelectric performances compared to their bulk counterparts. The main objectives of 
the work are to synthesize boron carbide nanowires, perform thorough materials 
characterization on as-synthesized nanowires, explore their growth mechanisms to 
facilitate future controlled synthesis, and obtain preliminary results on structure-transport 
property relations.  
In this chapter, background information on the need of better thermoelectric 
materials in current energy-related research, research status on the thermoelectric 
properties of bulk boron carbides, and how boron carbide nanowires can have improved 
thermoelectric properties are reviewed and discussed. 
1.1 Energy Overview 
Energy is related to our daily lives, since it is needed to keep facilities running 
everywhere. According to the “Annual Energy Review 2010”,1 the energy consumption 
is in an uptrend from 1949 to 2010 (Figure 1), and most of the energy consumption 
comes from the traditional energy (petroleum, coal, and natural gas). The major problems 
with the fossil fuels are that they are not renewable and the resultant environmental issues, 
such as global warming and air pollution. Although nuclear energy has been widely used 
to provide electric power, there are still some concerns about the safety of the nuclear 
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power plants, since the generated high-level radioactive wastes are stored individually in 
each nuclear plant and keep accumulating. 
Renewable energy is the solution for the potential energy crisis. But the total 
energy consumption from all kinds of renewable energy currently only makes up a small 
portion (~8%). The good thing is that there is a high growth rate globally for the wind 
and solar energies within this decade due to the improved technology and increased 
power plant installations.2,3 
 
 
 
 
Figure 1.1 Energy consumption in the year of 2010 within United States.1 
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1.2 Thermoelectric Effect 
1.2.1 Background 
In addition to energy sources shown in Figure 1, heat can also be used to generate 
electricity due to the Seebeck effect, which is one of the thermoelectric effects, 
discovered by Thomas Seebeck in 1821. He noticed that the compass needle was 
deflected when one junction of the circuit made of two dissimilar metals was heated.4 
This phenomenon indicates a current flow through the metals. The voltage produced was 
found to be proportional to the temperature difference between the junctions. 
 𝑉𝑉 = 𝑆𝑆∆𝑇𝑇 = 𝑆𝑆(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐) (1.1) 
where S is the Seebeck coefficient, Th and Tc
In 1843, Jean Peltier found that the temperature would change if current was 
applied through two dissimilar metals.
 are the temperatures from the hot and cold 
junctions, respectively.  
5 This Peltier effect is the reverse of Seebeck effect. 
And a comprehensive explanation was given by Lenz in 1838, showing that heat could be 
absorbed or released at the junction depending on the direction of the current flow 
through two metals.6 Similar to the Seebeck effect, the heat change is proportional to the 
current flow and the coefficient is known as the Peltier coefficient. 
Based on the Seebeck effect and the Peltier effect, William Thomson predicted 
and observed that when there is a current flow in a homogeneous material with a 
temperature gradient, heat could be absorbed or released. The heat change is proportional 
to the current and temperature gradient. This is known as the “Thomson effect”.7 
Later, it was Edmund Altenkirch who established the initial theory of 
thermoelectric effects for electric generator and refrigerator between 1909 and 1911.8,9 It 
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was believed that in addition to a large Seebeck coefficient, a good thermoelectric 
material should have a high electrical coefficient to minimize Joule heating and a low 
thermal conductivity to maintain the temperature difference. According to Wiedemann-
Franz Law, at a given temperature the ratio of the electrical conductivity to the thermal 
conductivity of a metal is a constant. It is the free electrons that contribute to the 
electrical conductivity and most of the thermal conductivity in metals. For 
semiconductors, the thermal transport is realized by lattice vibration or “phonon”. Thus, a 
higher Seebeck coefficient is the only thing that needs to be considered for thermoelectric 
applications based on metals. However, there are more choices for the case of 
semiconductors since the ratio of the electrical conductivity to the thermal conductivity 
can be altered. 
After tens of years’ study on semiconductor thermoelectric materials, aiming at 
improving the thermoelectric performance, Abram Ioffe developed the famous concept 
“figure of merit” to evaluate the convention efficiency of a thermoelectric material. The 
figure of merit, Z, can be presented in the equation below. 
 𝑍𝑍 =
𝑆𝑆2𝜎𝜎
𝜅𝜅
 (1.2) 
in which σ and κ are the electrical conductivity and the thermal conductivity, respectively. 
Since the unit of Seebeck coefficient is volts per Kelvin (V·K-1), the term figure of merit, 
Z, has units of reciprocal Kelvin (K-1) and its value varies with temperature. Therefore, 
the nondimensional figure of merit ZT is more widely used. A good thermoelectric 
material is expected to have a higher ZT value (>3). 
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When a device is built based on thermoelectric materials, the efficiency of the 
device needs to be taken into consideration. A simplified case, when S, σ, κ, and Z are not 
dependent on temperature, the maximum efficiency can be written as10 
 𝜂𝜂 =
Δ𝑇𝑇
𝑇𝑇ℎ
∙
�1 + 𝑍𝑍𝑇𝑇� − 1
�1 + 𝑍𝑍𝑇𝑇� + 𝑇𝑇𝑐𝑐/𝑇𝑇ℎ
 (1.3) 
where Th and Tc are the temperatures at the hot end and cold end, respectively. 𝑇𝑇� is the 
average temperature, 𝑇𝑇� = (𝑇𝑇ℎ + 𝑇𝑇𝑐𝑐)/2. Like other engines, the efficiency is limited by 
the Carnot efficiency, ∆T/Th
 
, and a larger temperature difference is preferred. More 
importantly, the selection of materials also determines the overall efficiency. The 
materials for hot and cold ends need to be selected in such a way that the temperatures at 
which their maximum figure of merit values can be found are greatly different. Also, 
there is another term when there is a large temperature called compatibility factor 
𝑠𝑠 = ��(1 + 𝑍𝑍𝑇𝑇) − 1� /𝑆𝑆𝑇𝑇 (1.4) 
It means the transport of electrons and phonons could react differently when there 
is a huge temperature gradient. This factor should not change too much with temperature 
for the hot and cold end materials. Otherwise, the overall efficiency of the device might 
be reduced. 
So far, some common applications of the thermoelectric materials are 
thermocouples, generators (Seebeck effect), or coolers/heaters (Peltier effect). 
Thermoelectric generators have been used in vehicles to convert the waste heat into 
electricity in order to increase the fuel efficiency. Another type of thermoelectric 
generator called radioisotope thermoelectric generator (RTG) captures the heat produced 
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from the radioactive decay. It is mostly used in the spacecraft or satellites due to the long 
life span of the radioactive source material. 
1.2.2 Thermoelectric Materials 
The main concern on thermoelectric materials is to have a higher ZT value. A 
large S is favorable, so that the generated voltage will be large at a given temperature 
difference. A large σ is needed to prevent the Joule heating, which can heat up the cold 
side of the thermoelectric device. A lower κ will be helpful to maintain the temperature 
difference at both ends. 
Due to the low electrical conductivity, insulators are not a good choice as for 
thermoelectric applications. Metals have good electrical conductivity, but low Seebeck 
coefficient. Also the electrical conductivity is proportional to the thermal conductivity 
according to the Wiedmann-Franz law. That leaves less room for improving the ZT value 
of metals. However, in semiconductors thermal conductivity comes from the contribution 
from both electrons (κe) and phonons (κp). The major part κp
Slack came up with the idea of “phonon-glass electron-crystal” (PGEC).
 is not proportional to 
electrical conductivity, providing more options to enhance the ZT. Therefore, most of 
popular thermoelectric materials are found to be semiconductors.  
Figure 1.2 shows the dependence of each parameter on carrier concentration. It 
can be seen that the increasing σ will lead to a lower S and a higher κ as well. So a 
compromise needs to be reached if we want to maximize the ZT value. The ideal situation 
is to find the maximum power factor (S2σ) while keeping a lower κ, especially the 
contribution from the phonon part. 
11 That 
means the material acts like a crystal for the electron transport while having a low 
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thermal conductivity like the glass. Since κp
12
 does not change along with other parameters, 
finding a lower thermal conductivity becomes an effective way to enhance the ZT value. 
To reduce the lattice thermal conductivity, it is necessary to increase phonon scattering 
by complex unit cells,  point defect,13,14 rattling atoms,15 or boundaries.16 
 
 
 
 
Figure 1.2 Dependence of Seebeck coefficient (S), electrical conductivity (σ), power 
factor (S2σ), and thermal conductivity (κ) on the carrier concentration.17 
 
 
 
The widely studied traditional thermoelectric materials include bismuth telluride 
(Bi2Te3), antimony telluride (Sb2Te3), lead telluride (PbTe), silicon germanium (SiGe), 
and their alloys. As shown in Figure 1.3, the maximum ZT values for those traditional 
thermoelectric materials are close to 1. This ZT value is too low to have them 
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commercialized, and it has to be at least about 4 to be comparable to other technologies.18 
However, progress of enhancing ZT is quite slow in the 20th century.19 It was the quantum 
effect that inspired the studies of low-dimensional thermoelectric materials, which leads 
to the breakthrough of ZT. 
 
 
 
Figure 1.3 Figure of merit values from typical thermoelectric materials.20 
 
 
 
1.2.3 Advantages of Low-Dimensional Thermoelectric Materials 
It was first predicted theoretically by Hicks et al. that the increase of figure of 
merit could be achieved by using a quantum well or superlattice (SL).21,22 The quantum 
effect helps to enhance the figure of merit in two ways. First, it increases of Seebeck 
coefficient23 due to the increased density of states (DOS) near the Fermi level.24,25 Second, 
the additional layers will provide more phonon scattering boundaries to reduce thermal 
conductivity.21 Ideally, if the quantum width is smaller than the phonon’s mean free path 
and larger that the electron’s mean free path, a reduced thermal conductivity can be 
expected without affecting the electrical conductivity.19 Later, Hicks et al. were able to 
support their theory by fabricating a PbTe/Pb1-xEux 26Te quantum well.  
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Since there are different transport properties within the superlattice, its in-plane 
(along the film plane)27-31 and cross-plane (perpendicular to the film plane)27 
thermoelectric performances have been studies. Calculation shows that phonon scattering 
mechanisms are different in those two cases.32 Experimental data based on Si/Ge 
superlattice indicates that from the cross-plane direction both thermal conductivity and 
electrical conductivity are much lower compared with that from in-plane direction.33 
However, study based on superlattice made up by Bi2Te3/Sb2Te3 shows that the cross-
plane electrical conductivity can be comparable to the in-plane value, depending on the 
layer thickness and superlattice period. Meanwhile, the cross-plane thermal conductivity 
is lower than the in-plane value, giving the lowest κp 27=0.22 Wm-1K-1.  Other work 
focusing on the decrease of thermal conductivity by superlattice structures have been 
reported on GaAs/AlAs34 and Si/Ge.35 However, there are still other concerns about 
superlattice structures, such as thermal current through barrier layers and tunneling effect, 
which will reduce figure of merit of superlattice.36 
Hicks et al. also predicted that when the dimension goes down to one-dimensional 
materials or quantum wires, figure of merit could be improved, depending on the width of 
the nanowire.21,37 According to the thermoelectric measurements on silicon nanowires, 
the increased figure of merit is mainly attributed to the dramatically reduced thermal 
conductivity.38,39 The fabrication of “superlattice nanowires”40,41 provides more options 
for the design of material structure to achieve an even smaller thermal conductivity. The 
nature of superlattice nanowire can be considered as an elongation of superlattice in the 
cross-plane direction while with quantum confinement in two in-plane directions. Thus, it 
is reasonable to expect that superlattice nanowires will have a lower thermal conductivity 
10 
 
 
than those common 1D and 2D thermoelectric materials. Although the calculated thermal 
conductivity from superlattice nanowires shows big reductions,42,43 systematic 
experimental measurements are needed to figure out the structure-property relationship. 
1.2.4 Summary 
All the efforts of studying thermoelectric materials focus on improving the 
efficiency or increasing the ZT value. Basically, researches in this field are heading to 
two directions. Finding new materials (or alloys and composites) is one way. Although 
the highest ZT for bulk materials is around 1, there is something in common for those 
materials. That is the lower thermal conductivity.20 Thus, ideas such as alloying, complex 
unit cells or extra boundaries seem to be the guide, as discussed in section 1.2.2. The 
other way, apparently, is based on the nano effect. People have found greatly improved 
ZT values (~3.5 at 575 K for PbSeTe/PbTe quantum dot superlattice,44 ~2.4 at 300 K for 
Bi2Te3/Sb2Te3 27superlattice,  and ~2.2 at 800 K for bulk AgPbmSbTe2+m45) by the means 
of nano effect. However, the mechanism of the improvement has not been fully explored. 
That leaves us the opportunity to discover how the improved ZT value depends on the 
various structures (defects or diameters of the nanowires) of the same material. 
1.3 Bulk Born Carbides as Promising High Temperature Thermoelectric Materials 
Boron carbide (B4
46-50
C) is usually used as armor or neutron absorber, but its 
potential application as a high-temperature thermoelectric material has drawn more 
attention recently.  It has been predicted that a much higher figure of merit value 
(ZT>>1) could be achieved.46 This good thermoelectric performance comes from the 
unique structure of boron carbide.  
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Figure 1.4 (a) Rhombohedral unit cell of boron carbide. (b) Phase diagram of boron 
carbide.51 
 
 
 
As shown in Figure 1.4 (a), B4
52
C has a rhombohedral unit cell with a twelve-atom 
icosahedron at each corner and a C-B-C chain at the longest body diagonal.  It is 
generally believed that there are eleven boron atoms and one carbon atom in each 
icosahedron. Since the icosahedra are shared by eight neighbor unit cells, the contribution 
for each unit cell comes from one icosahedron (B11C) and the C-B-C chain. That is why 
the chemical formula of boron carbide is written as B4C (or B12C3). However, boron 
(a) 
(b) 
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carbide also has a wide range of composition variation with carbon atomic percentage 
from 8.8% to 20%.52 The boron-carbon phase diagram is given in Figure 1.4 (b). This 
composition disorder is due to the replacement of carbon atoms by boron within the C-B-
C chain. As carbon concentration decreases, the chain becomes C-B-B or B-B-B.50,52-54 
Further carbon reduction can be achieved by replacement within the icosahedra, leading 
to the unit cell with B12 53 icosahedra and a C-B-B chain. ,54 
1.3.1 Seebeck Coefficient of Boron Carbide 
Since boron carbide is a p-type semiconductor, the Seebeck coefficient is positive 
within its composition variation range. Studies of Seebeck coefficient have been focused 
on its relationship with temperature and composition.46,47,49,55,56 As shown in Figure 1.5, 
the Seebeck coefficient increases with temperature when temperature is lower, but the 
effect of temperature is not consistent at higher temperatures.49 It is generally large 
(above 100 μV/K) at room temperature and the highest value can reach ~300 μV/K. 
Within the composition range, the lowest Seebeck coefficient can be found around 13.3% 
atomic percent of carbon (B13C2 47). ,56 But it was also reported that the dependence of 
temperature is not clear based on the measurement on single crystalline boron carbide.57 
13 
 
 
 
Figure 1.5 Summary of Seebeck coefficient with different temperature and carbon 
concentration.49 
 
 
 
1.3.2 Electrical Conductivity of Boron Carbide 
The electrical conductivity mechanism of boron carbide has been widely 
studied.50,55,58-61 Interests on the transport properties come from the fact that its electrical 
conductivity increases with temperature and the intrinsic composition variation. There are 
mainly two mechanisms debating with each other: “small polaron hopping” mechanism 
brought up by Wood and Emin,61 and Werheit’s theory with emphasis on defects.58-60 
The carriers are considered as small polarons, and they move by hopping between 
carbon-containing icosahedra (B11C). The dependence of electrical conductivity on 
temperature is not Arrhenius-type at lower temperatures, and it is sensitive to 
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composition variation. However, it becomes Arrhenius-type relation when temperature 
goes up and the activation energy (~0.16 eV) is reached.50,55,61 
 𝜇𝜇 ∝ 𝑇𝑇−1exp⁡(−𝐸𝐸𝐴𝐴/𝑘𝑘𝑇𝑇) (1.3) 
where μ is the mobility and EA is the activation energy. It was mentioned that the highest 
conductivity with weakest temperature dependence was found within B13C2 
47
(13.3% 
carbon). ,55 
However, Werheit disagreed with the polaron theory.59 He emphasized the fact 
that there are lots of intrinsic defects (e.g., twins and stacking faults) within boron carbide, 
which leads to a high electron deficiency in the conduction band. He mentioned that 
Wood’s theory was based on an idealized crystal structure that does not exist. Werheit’s 
theory has considered the effect of defects and the resulting localized levels above 
valence band. 
Clearly, more work needs to be done experimentally and theoretically to discover 
the electrical transport mechanism of boron carbide. 
1.3.3 Thermal Conductivity of Boron Carbide 
As mentioned in the previous section, thermal conductivity comes from two parts. 
First, heat can be transported with carrier flow. In the case of Wood’s polaron hopping 
theory, heat is conducted when carriers are “hopping” between the icosahedra. However, 
it was pointed out that the contribution of this part is smaller than that from the second 
part, lattice contribution.62 
The dependence of thermal conductivity on temperature and composition is 
plotted in Figure 1.6. With a higher carbon concentration (B4.1C), the thermal 
conductivity decreases with increasing temperature. However, in the other three cases, 
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when carbon concentration is reduced, thermal conductivity becomes much lower, and it 
is not sensitive to temperature anymore. This phenomenon was explained by assuming 
main contribution of thermal conductivity comes from the lattice vibration through the 3-
atom chain.53,62 Given that the C-B-B chain, resulting from the reduction of carbon 
concentration, is softer than the C-B-C chain, the disorder can lead to the lower thermal 
conductivity. 
 
 
 
 
Figure 1.6 Dependence of thermal conductivity on temperature and carbon 
concentration.49 
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1.3.4 Thermoelectric Properties of Boron Carbide 
As discussed above, boron carbide has a thermally activated electrical 
conductivity, a large Seebeck coefficient, and a low thermal conductivity. As a result, 
boron carbide has a large figure of merit (ZT), especially at high temperatures (ZT> 1 at 
2000 K), as plotted in Figure 1.7. 
 
 
 
 
Figure 1.7 The plot of Z and ZT with temperature. The value below 1200 K was 
calculated based on experimental data, while the value above 1200 K was linearly 
extrapolated.49 
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1.3.5 Intrinsic Planar Defects within Boron Carbide 
Planar defects such as twins and stacking faults are easily formed within bulk 
boron carbide or particles.63-76 Detailed information about planar defects was revealed by 
Mackinnon et. al. via HRTEM images.68,69 It is clear from their HRTEM images and 
diffraction patterns that there are extensive twins with (001)r
68
 (r represents the 
rhombohedral index) being the defect plane. The high defect density can be proved by the 
short twin widths, from ~0.9 nm to ~16.7 nm and the streaks in the diffraction pattern.  
Twins can be observed from boron carbides synthesized by hot-pressing,68,69 spark 
plasma sintering,71,72 high temperature heating,73 hot extrusion,74 and pulsed electric 
current sintering.75,76 It is obvious that the twins can show up no matter which synthesis 
method is used. The reason for the intrinsic twins in (001)r
72
 plane is that the it is the 
closed-packed plane with lowest energy. It was suggested that the density of twins would 
be reduced by increasing synthesis temperature up to 2100 °C from 1300 °C.  The 
presence of twin planes may further reduce the thermal conductivity and lead to an 
anisotropic thermoelectric property in boron carbide. 
1.3.6 Summary 
So far, bulk boron carbides are usually synthesized by carbothermal reduction at 
an extremely high temperature (1400-2400 °C).52 The existence of intrinsic defects can 
only be found in a few literatures63-76 and the formation mechanism of those defects is 
poorly understood. Although bulk boron carbides appear to be a good high temperature 
thermoelectric material based on the thermoelectric measurements, it is still hard to build 
the structure-property relationship without a thorough understanding about the structure 
being measured. For example, whether there are intrinsic defects, and the effect of the 
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orientations of planar defects on thermoelectric properties need to be addressed. Thus, a 
clear idea about the structure of boron carbide will have a better answer to the puzzle we 
are facing. Also, it is necessary to know whether the thermoelectric performance of boron 
carbide can be improved due to the nano effect. 
1.4 Boron Carbide Nanowires as a Better Thermoelectric Material 
Given that bulk boron carbide is a good high temperature thermoelectric material, 
it is reasonable to expect the further enhancement of figure of merit for boron carbide 
nanowires due to the quantum confinement effect as briefly discussed in section 1.2.3. 
However, most of the measured thermoelectric properties from bulk boron carbide are 
from poorly characterized polycrystalline samples, which makes them hard to interpret. 
That calls the need for synthesizing well-defined single crystalline boron carbide 
nanowires to discover the structure-transport property relationship. In addition, the nature 
of intrinsic defects makes it interesting to explore its anisotropic influence within 
nanowires. 
1.4.1 Current Research Status of Synthesis of Boron Carbide Nanowires 
Boron carbide nanowires have been synthesized by some groups.77-84 Usually, the 
method is carbothermal reduction, which is widely used for synthesis of bulk boron 
carbide. In this method, boron, carbon, and boron oxide powders are mixed with specific 
ratio. Sometimes Fe3O4 powders can be involved to make iron the catalytic material. 
Boron carbide nanowires can be obtained after the mixture is heated up to very high 
temperatures (1100-1800 °C) for a few hours. Most synthesized nanowires were 
identified as rhombohedral B4C, but it was also reported that a metastable orthorhombic 
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B8 83C nanowires could be synthesized by vapor sources.  Interestingly, Li and coworkers 
used cotton T-shirt as the carbon source to grow B4 84C nanowires.  
The growth mechanism of boron carbide nanowires from those methods is 
considered as vapor-liquid-solid (VLS) because of the catalytic material at the tip.78-80,85-
88 However, defect cannot be observed in most of the work. Information about defect and 
growth direction is summarized in Table 1.1. There are several claimed growth directions, 
and twins could not be observed most of the time. 
 
 
 
Table 1.1 Summary of the growth directions and existence of defect in the as- 
synthesized boron carbide nanowires (subscript h and r represent the hexagonal and 
rhombohedral indexes).  
 Growth direction Defect or not/Twin plane? 
185 ⊥ (001) Yes/(001)r r 
277 [021]h or [104] No h 
380 [003] No, but streaks in DP h 
487 [101] No h 
586 [101] No h 
684 Along [001] No h 
781 [001] Yes/(001)r r 
 
 
 
1.4.2 Measured Properties of Boron Carbide Nanowires 
The as-synthesized B4C nanowires were subjected to several tests to discover 
their physical properties. 
The room temperature photoluminescence spectrum showed the peak position at 
638 nm, which is a blue-shift from the peak from bulk boron carbide (~795 nm).80 It was 
also indicated that boron carbide nanowires had a high field emission current (1.5 μA at a 
voltage of 80 V) with an enhancement factor of ~106.87 The mechanical properties of 
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boron carbide nanowires have been tested by bending. Unlike the bulk material, B4C 
nanowires were proved to be very flexible with the ability to have a deformation ratio of 
89% without fracture.86 
1.5 Summary 
Improving thermoelectric performance by using nanomaterials has been proven to 
be a promising method. With bulk boron carbide being a good high temperature 
thermoelectric material, it is of great interest to see if the ZT value can be improved by 
boron carbide nanowires due to nano effect. The synthesis of boron carbide nanowires 
have been reported by a few groups. However, the intrinsic defects and the thermoelectric 
properties are rarely talked about. 
In this dissertation, there are three main issues to be addressed. The first one is the 
synthesis of boron carbide nanowires with a lower temperature in a low pressure 
chemical vapor deposition system. The second is the discussion of the growth mechanism 
of as-synthesized nanowires with different fault orientations. The third is the observation 
and model construction of “invisible” planar defects based on transmission electron 
microscopy. Last but not least, the measured thermal conductivity of the as-synthesized 
nanowires will be briefly reported. This preliminary data shines insights to build the 
structure-transport property relationship and understand the effect of intrinsic defects in 
boron carbide nanowires. 
 
 
CHAPTER 2: EXPERIMENTAL TOOLS 
 
 
In this chapter, the main synthesis tools and characterization tools used for this 
dissertation work are discussed, including the working principles, features of the tools, 
and the operation parameters. 
2.1 Magnetron Sputtering 
Magnetron sputtering was used to coat thin films of catalytic materials on as-
cleaned substrates before the synthesis of nanowires. Like thermal evaporation or 
electron beam evaporation, magnetron sputtering is a physical vapor deposition technique. 
But different from evaporation, the magnetron sputtering does not require a high 
temperature to melt the target material, so there is no problem with magnetron sputtering 
when the target material has a high melting point. 
 
Figure 2.1 Schematic drawing of the magnetron sputtering chamber.89 
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As schematically shown in Figure 2.1, a high potential is created between the 
target (cathode) and the substrate to ionize the argon gas. The ionization leads to the glow 
of the plasma (glow discharge), which can be seen from a window to tell if it is working 
properly. The plasma ions are then accelerated by the high potential to strike the target, 
knocking out the target atoms that are deposited on the substrate. A high vacuum will 
help to prevent collisions between the target atoms on the way to the substrate. During 
interaction between the plasma and the target plane, secondary electron will also be 
emitted. A magnetic field is applied close to the target in a way that those secondary 
electrons can be confined to the vicinity of the target. The electrons, in turn, increase the 
ionization efficiency of the argon atoms and the deposition efficiency. The high potential 
can be maintained by direct current (DC) or radio frequency (RF) mode depending on the 
target material. The DC mode works well with the conductive target. However, if the 
target material is an insulator, charges will build up from the ion bombardment. It 
prevents the ion acceleration or even stops the bombardment. The RF mode with a high 
frequency (~ 13.56 MHz) can be used to solve this problem.90 At such a high frequency, 
heavy ions will not follow the switching power anymore. They are guided to the target by 
the sheath voltage. However, electrons will follow the RF frequency to neutralize the 
built-up positive charges. 
In this dissertation work, a Denton Vacuum Desk IV magnetron sputtering 
machine was used. Ni and Fe are common catalytic materials to be coated. The coating 
thickness is calibrated by a quartz crystal microbalance (QCM). The common thickness 
coated is 2 nm with a coating rate of ~0.1 nm per second. 
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2.2 Low Pressure Chemical Vapor Deposition System (LPCVD) 
 
 
 
 
 
Figure 2.2 Picture and schematic drawing of the LPCVD system. 1-3: Gas cylinders for 
B2H6, CH4
Boron carbide nanowires were synthesized by co-pyrolysis of diborane (B
, and Ar; 4-5: Mass flow controllers; 7-9: Valves; 10: Thermocouple; 11: 
Heating elements; 12: Furnace tube; 13: Pressure gauge; 14: Vacuum trap; 15: Bubbler; 
16-18: Valves; 19: Vacuum pump. 
 
 
 
2H6) 
and methane (CH4) inside a home-built LPCVD system, as shown in Figure 2.2. The 
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vapor sources are introduced into the system from the right side, carried by argon (Ar). 
Flow rates of B2H6, CH4
 
Figure 2.3 Schematic diagram of temperature controller connection. 
 
 
 
, and Ar are controlled by mass flow controllers individually. 
Reaction takes place in the quartz (or alumina) tube when it is heated by the two pieces of 
heaters around it. The heating zone of the heaters is 20 cm. The temperature at the center 
of the heater is measured and controlled by a thermocouple, whose sensor is placed 
between the heater and the tube. The temperature controller connection is given in Figure 
2.3. A target temperature can be set in the temperature controller, which also receives 
information about current temperature through thermocouple. It is actually a 
proportional-integral-derivative controller (PID controller) that controls the power switch, 
solid state relay. 
 
 
 
A pressure gauge placed downstream reads the pressure of the reaction chamber. 
A vacuum trap is connected behind the reaction chamber in order to have a better vacuum 
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by condensing additional vapors inside the system. It also prevents the oil vapor entering 
the chamber from the mechanical pump. A bubbler is used to release the pressure when 
venting the chamber. At the end of the line there is a mechanical pump to provide 
vacuum for the whole system. 
 
 
 
 
Figure 2.4 (a) Schematic drawing about the furnace, showing the positions in the heating 
zone. (b) Temperature profiles measured by thermocouple at different setting temperature. 
 
 
 
The heating temperature is the highest at the center of the furnace and goes down 
as the position moves away to the ends. Moreover, the temperature measured by the 
(a) 
(b) 
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temperature controller is actually the temperature between the tube and the heating 
elements (outside the tube). In order to have a clear idea of the true temperature during 
reaction, a thermocouple was used to measure the temperatures inside the tube while 
maintaining the setting temperature at desired testing values. The maximum heating 
temperature of this LPCVD system is 1050 °C and the testing temperatures are 800, 900, 
1000, and 1050 °C. As shown in Figure 2.4 (b), the highest temperatures appear at the 
distance of 10 cm (center of the tube) and the true values are slightly lower than the 
setting temperatures. 
After the camber is vented to the atmospheric pressure, three substrates with 
lengths of 25 mm were put into the furnace tube at locations where the left edges of the 
substrates were aligned as 13.5, 16, and 18.5 cm from the left end of the heating zone 
(Figure 2.4). When the chamber is pumped down to ~9 mTorr, heating is started while 
introducing Ar gas (15 sccm). Temperature is heated up to 1050 °C in 50 minutes. Wait 
another 5 minutes to stabilize the temperature. Reaction gases (B2H6 and CH4
As a nondestructive characterization method, XRD is widely used to identify 
crystal structure. X-ray is produced by the X-ray tube (Figure 2.5). Electrons are 
generated in the cathode by thermionic emission, while a high voltage is maintained 
between the cathode and the anode target to accelerate the electrons. When electrons with 
) are then 
sent to the chamber with flow rate 15 sccm for each of them. After 45 minutes, power is 
turned off and reaction gases are stopped. The furnace is cooled down naturally while 
maintaining the 15 sccm Ar flow. 
2.3 X-Ray Diffraction (XRD) 
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high energy hit the metal target, most of the energy is converted to heat with only 1% 
converted as X-ray radiation. 
 
 
 
 
Figure 2.5 X-ray tube structure.91 
 
 
 
There are two types of X-rays: continuous X-ray and characteristic X-ray (Figure 
2.6). The incoming electrons may encounter single or multiple collisions, which emit 
energies due to the deceleration of electrons. If the electron gives up all its kinetic energy 
by one collision, all the kinetic energy (eV) will be converted to the generated X-ray with 
the highest energy. This type of X-ray has the shortest wavelength λSWL
 
, which is shown 
in the X-ray spectrum as the short wavelength limit. 
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 =
ℎ𝑐𝑐
𝑒𝑒𝑉𝑉
 (2.1) 
in which, h is the Plank constant, c is the speed of light, e is the charge of an electron, and 
V is the voltage applied. But if the electron undergoes several collisions, only part of its 
kinetic energy will be converted each time. Therefore, the emitted X-ray will have a 
lower energy or a higher wavelength, which leads to the continuous X-ray spectrum with 
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higher wavelengths than λSWL. It is known from equation 2.1 that the value of λSWL
 
 will be 
reduced when a higher voltage is applied. That explains the left-shifting nature of the 
continuous X-ray spectrum when the voltage keeps rising. Sometimes the continuous X-
rays are called “bremsstrahlung”, which means “braking radiation” in German. 
 
 
 
Figure 2.6 Continuous X-ray and characteristic X-ray.91 
 
 
 
If the applied voltage is high enough, the incoming electrons will have sufficient 
energy to knock off the inner shell electrons from the target metals, leaving a hole in the 
inner shell. As a result, electrons from outer shell will fill the vacancy and the energy 
difference between those electron levels will be emitted in the form of X-ray radiation. 
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Figure 2.7 shows the emission of Kα characteristic X-ray. Since each atom has its unique 
electron levels, the emitted X-rays are called characteristic X-rays. Depending on energy 
differences between electron levels, the emitted X-rays are called Kα, Kβ, Lα, Lβ, etc. 
The strong and sharp Kα
 
 line makes it possible to capture it for X-ray diffraction. 
 
 
 
Figure 2.7 The principle of generating Kα 92 characteristic X-rays.  
 
 
 
A nickel filter is placed in the path of X-ray to block the Kβ
 
 emission, making it 
monochromatic. When the incident beam hits the crystalline material, diffraction happens 
and the intensity of the diffracted beam can be enhanced from some specific diffraction 
angles according to Bragg’s law. 
2𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑑𝑑𝜆𝜆 (2.1) 
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λ is the wavelength of the incident X-ray, which is about 0.154 nm for copper Kα beam, d 
is the spacing between certain atomic planes, θ is the angle between incident beam and 
the scattering plane, and n is an integer. Thus by measuring the diffraction angle θ, the 
spacing of each corresponding atomic plane can be calculated. 
In this work, the as-synthesized boron carbide nanostructures were analyzed by 
X’Pert Pro from PANalytical. The SiO2
 
/Si substrates carrying as-synthesized boron 
carbide nanowires were put on the stage by double sided tape. Voltage and current were 
set as 45 kV and 40 mA, respectively. To align the substrates with the X-ray beam, 2θ 
scan and Z scan were performed using the optics listed in “alignment mode” from Table 
2.1. Optics were changed based on “scanning mode” after alignment. The 2θ-θ scan was 
carried out with a range of 10-140°, a step size of 0.05°, and a scan rate of one second per 
step. 
 
 
Table 2.1 Settings of optical components for alignment and scanning. 
Optics Alignment mode Scanning mode 
Incident 
beam 
Divergence slit Slit Fixed 1/32 Slit Fixed 1/2 
Beam attenuator Cu/Ni 0.2/0.02 mm manual Automatic 
Filter None Ni 0.02 mm 
Diffracted 
beam 
Receiving slit Parallel Plate Collimator Slit 
Parallel Plate 
Collimator Slit 
Collimator Parallel Plate Collimator 0.27 
Parallel Plate 
Collimator 0.27 
Soller slit Soller Slit 0.04 rad Soller Slit 0.04 rad 
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2.4 Scanning Electron Microscope (SEM) 
SEM is a convenient and powerful method to provide structure and composition 
analysis for the tiny structures down to the nanoscale. It utilizes electron beam as a probe 
to examine the specimen. The electron source is produced by applying a high voltage on 
the filament made of tungsten or LaB6. Generally, the accelerating voltage is less than 50 
kV. The beam path is controlled by the electromagnetic coils along the column, so that it 
can be focused on the position of interest. When the incident electron beam hits the 
specimen, several interactions occur, generating other radiations that contain useful 
information about the specimen (Figure 2.8 (a)).The incident electron can be scattered 
elastically or inelastically. In the case of an elastic scattering, the electron is deflected by 
Coulomb interaction and there is no energy change (backscattering electrons). On the 
other hand, part of the incident electron’s energy can be transferred to the specimen, 
which leads to the generation of secondary electron, Auger electron, or X-ray radiation. 
Each type of generated radiation comes from different depths under the 
specimen’s surface. In Figure 2.8 (b), the volume under sample’s surface is called 
interaction volume, which indicates the position where certain radiation is generated. The 
beam is controlled to scan the viewing area, and by capturing the generated secondary 
electrons or backscattered electrons, topography or composition images can be formed. 
As the interaction volume of secondary electrons is close to the surface, SEM is sensitive 
to the specimen’s morphology. 
 
 
 
32 
 
 
 
Figure 2.8 Electron-matter interactions93 and the interaction volume94. 
 
 
 
In this work, the SEM used to characterize boron carbide nanowires is JSM-6480 
from JEOL with a tungsten thermionic electron gun. This SEM system is equipped with 
an energy dispersive X-ray spectroscopy (EDS) detector to perform compositional 
analysis. Generally, an accelerating voltage of 10 kV and a working distance of 10 mm 
are selected to take images. A higher accelerating voltage (20 kV) is needed for the EDS 
spectrum to generate the characteristic X-rays. 
2.5 Transmission Electron Microscope (TEM) 
Another powerful characterization tool used is TEM. Like in the SEM, a TEM 
also uses electrons to form images. However, it is using the transmitted electrons instead 
of the scattered ones. In other words, all the pixels are formed at the same time. The 
resolution of a microscope can be written as 
 𝑑𝑑 =
0.61𝜆𝜆
𝜇𝜇𝑠𝑠𝑑𝑑𝑑𝑑𝜇𝜇
 (2.2) 
λ is the wavelength of incident electrons, μ is the refractive index of the viewing medium, 
and β is half of the collection angle. Sometimes the term 𝜇𝜇𝑠𝑠𝑑𝑑𝑑𝑑𝜇𝜇  is called numerical 
(b) (a) 
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aperture. Since a higher accelerating voltage gives more energy to the incident electrons, 
the wavelength becomes smaller and the resolution is smaller. TEM is using a much 
higher accelerating voltage (several hundred kV), so its resolution is much better than 
SEM images. 
Again, the electron is generated by tungsten or LaB6
A JEM-2100 TEM from JEOL with a LaB
 filament and controlled by 
condenser lenses, intermediate lenses, and objective lenses. Electrons from all the 
directions are transmitted at the same time. The ones with parallel beam path will end up 
with diffraction spots on the back focal plane that close to objective aperture (label in 2.9). 
Thus a diffraction pattern (DP) can be obtained by using the image at back focal plane. 
Beneath the back focal plane, there is the image plane near the select area diffraction 
aperture. Electrons transmitted from the same position converge at this level, which can 
be used to form TEM images.  
There are some issues need to be considered when using TEM. First, the 
specimen needs to be thin enough, so the electron beam can be transmitted. This is not a 
problem for us because the diameters of the boron carbide nanowires are within 100 nm. 
Second, the TEM image is a projection view. It could be misleading when talking about 
crystal directions based on the TEM images. Third, some specimen can be damaged by 
the high energy electron beam. 
6 filament (thermionic electron gun) 
was used to characterize boron carbide nanowires. The accelerating voltage was set as 
200 kV. A JEOL double tilt specimen holder was used for nanowires on the TEM copper 
grids. But for the nanowires that have gone through thermal measurements, a Gatan “646 
double tilt analytical holder” was used because the micro device cannot be put into JEOL 
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holder. TEM images and diffraction patterns were captured by a CCD camera (SC1000 
ORIUS TEM CCD camera from Gatan) and the DigitalMicrograph software. Data were 
further processed by CorelDRAW software for post-analysis (measurement of diameter 
and fault density). 
 
Figure 2.9 The beam paths of two basic TEM mode.92 
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2.6 Energy Dispersive X-ray Spectroscopy (EDS) 
The EDS detector is usually equipped with SEM or TEM to analyze the 
composition of the tested specimen. As mentioned previously, characteristic X-rays can 
be generated when the electrons hit the specimen. Since those X-rays carry information 
about the energy levels from the electron shells within the atoms, they can be used to 
analyze the composition of the specimen. Usually an EDS system is composed of an X-
ray detector to convert the collected X-rays to electronic signals and a signal analyzer to 
display the data into a histogram in terms of X-ray energies, which are determined by the 
electronic signals from the detector.  
An X-ray detector is usually made of a lithium-drifted silicon crystal, which is 
able to absorb incoming X-rays and create electrons and holes. The detector is cooled by 
a liquid nitrogen reservoir while absorbing X-rays. The amount of generated electron-
hole pairs within the crystal is proportional to the energy of the absorbed X-rays. When a 
bias voltage is applied on the gold layers located at both ends of the silicon detector, the 
generated carriers lead to a current flow (pulse) within the detector. The pulse signal is 
converted to the voltage signal, which is then analyzed by a multichannel analyzer with 
each channel representing a certain X-ray energy level. A histogram can be drawn based 
on the stacking X-ray signals in terms of energy. By looking at this histogram, users will 
be able to tell the composition. 
From section 2.3, we know that the emitted X-rays include not only characteristic 
X-rays, but also continuous X-rays. Noises and the continuous X-rays contribute to the 
background signals of an X-ray spectrum. Increasing the process time can help to 
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enhance the signal/noise ratio. However, the trade-off of doing that is that it takes a 
longer time to collect the signals. 
To prevent contamination to the detector, a window (typically beryllium) is 
placed in front of the detector. But the beryllium window will absorb the X-rays with 
long wavelength, although the window is very thin. That makes it hard to detect the light 
elements (boron, carbon, etc.) accurately. To solve this problem, some modern X-ray 
detectors are equipped with ultra thin polymer windows or even windowless.  
The Oxford Instruments EDS Systems (for SEM or TEM) were used in this work. 
They are capable to detect boron signals since a Be window is used. For the EDS 
equipped with SEM, a higher acceleration voltage (20 kV), a larger spot size (40-50), and 
a larger aperture (size 3) are used to excite the X-rays from samples. There are three 
working modes: spot, line, and mapping. In the case of spot mode, electron beam is 
focused on a selected spot, where characteristic X-rays are generated for analysis. An 
EDS spectrum containing all the detected elements is generated in the spot mode. In the 
line scan mode, the electron beam is moved along the path of a selected line. In addition 
to the EDS spectrum, the quantity of each element along the line is displayed by a curve, 
so that the trends at interface or concentration gradients can be easily seen. If further 
composition information about whole area is needed, the mapping mode can be used. The 
electron beam scans the selected area and composition information is given pixel by pixel, 
which generates a composition map for each existing element. Mapping is very helpful 
because it allows the user to compare element maps with the SEM image, so it is clear to 
see the element distribution. But the drawback of the mapping mode is that it talks a long 
time to finish the scan. 
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Since samples used for TEM are tiny, so taking the EDS spectrum needs more 
time (~100 seconds). Sometimes the holder also needs to be tilted to the +X direction 
(about +20°) to adjust the sample surface to the X-ray detector, so that it can have a better 
collection. 
2.7 Electron Energy Loss Spectroscopy (EELS) 
Although the advanced EDS system is able to analyze light elements, it is hard to 
achieve the quantity analysis accurately due to two reasons. First, the long-wavelength X-
ray radiations emitted by light elements can be easily absorbed by not only the window of 
the detector, but also the specimen itself. Second, light elements are more likely to 
emitted Auger electrons rather than characteristic X-rays from the excited state. As 
mentioned in section 2.3, electron beam with sufficient energy can bring the atom to the 
excited state by knocking out the inner shell electron. The vacancy is then filled by the 
electron from outer shell with a higher energy. This energy difference can be emitted as 
characteristic X-rays. However, the energy difference can also be used to eject another 
electron, which is called Auger electron. Auger electron and characteristic X-ray are 
competing with each during the relaxation process. The ratio of characteristic X-ray 
decreases for elements with smaller atomic number, which makes it even more difficult 
to detect light elements by EDS.  
EELS captures the transmitted inelastically scattered electrons for analysis, so 
there is no need to worry about the emitted characteristic X-rays. The spectrometer is a 
magnetic prism located below the TEM column (Figure 2.10 (a)). An entrance aperture 
limits the collection angle of the transmitted electrons beam, which is deflected by a 
magnetic prism to the detector. The magnetic prism is designed in such a way that the on-
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axis beam and off-axis beam can be focused on a point in the dispersion plane. The 
inelastically scattered electrons (dotted curves in Figure 2.10 (b)) have lost some energy 
and are further deflected by the magnetic field than the zero loss beams. The amount of 
the deflection depends on the energy loss of the electrons. Thus, a spectrum can be 
obtained on the dispersion plane with intensity and energy loss being the y-axis and x-
axis, respectively.  
 
 
 
 
Figure 2.10 Schematic drawing of EELS spectrometer and the electron beam diagram. 
The solid curves in (b) indicate the beam paths of the zero-loss beam, while the dotted 
curves are the paths for inelastically scattered electrons93 
 
 
 
As shown in Figure 2.11, an EELS spectrum consists of two parts: low energy 
loss region and high energy loss region. There are generally four types of inelastic 
scattering that contribute to the EELS spectrum: phonon excitations, electron transitions, 
plasmon excitations, and inner-shell ionizations. The first three interactions and the zero 
(b) (a) 
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loss peak fall into the low energy loss region, while the inner-shell ionizations are the 
main features in the high energy loss region. The boundary of the two regions is ~50 eV. 
In the low energy loss region, the zero loss peak results from those electron with no 
energy loss. Phonon excitations are very close to the zero loss peak, which makes it hard 
to detect. The electron transitions happen within or between electron shells with low 
energy loss. The plasmon peak comes from the longitudinal oscillations of the weakly 
bound electrons. In the high energy loss region (>50 eV), the sharp edges superimposed 
on the background signals are related to the inner shell ionization of the existing atoms. 
Those ionization edges are used to analyze the composition of the specimen. As the 
energy loss increases, the intensity of the spectrum decreases. 
 
 
 
 
Figure 2.1An EELS spectrum showing the low energy loss region and high energy loss 
region.92 
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EELS spectra were collected at the Electron Microscopy Center in University of 
South Carolina by a JEOL JEM-2100F scanning transmission electron microscope 
equipped with a Tridiem Gatan Imaging Filter (Model 863). The electron energy loss 
spectrometer is second-order corrected, third-order optimized to allow for a large 
entrance aperture without significant loss of energy resolution. Point resolution of the 
microscope is 0.19 nm while the energy resolution is 1 eV. 
 
 
CHAPTER 3: SYNTHESIS OF BORON CARBIDE NANOWIRES 
 
 
In this chapter, the synthesis of boron carbide nanowires by co-pyrolysis of 
diborane (B2H6) and methane (CH4
Boron carbide one-dimensional (1D) nanostructures were synthesized by co-
pyrolysis of B
) in a low pressure chemical vapor deposition 
(LPCVD) system at temperatures below 1000 °C is reported. The CVD-based method is 
energy efficient and cost effective. The lowest synthesis temperature was found to be 
879 °C, which is significantly lower than those reported for carbothermal reduction. The 
reaction time (e.g., 45 minutes to produce ~5 µm long nanowires) is also shorter than that 
for carbothermal reduction. The as-synthesized nanowires were characterized to have 
single crystalline boron carbide cores and thin amorphous oxide sheaths. Planar faults of 
different morphologies, including both transverse faults and axial faults, were observed 
and thoroughly characterized. These boron carbide nanowires allow for studies of the 
effects of crystalline defects and boundaries on transport properties at nanoscale, and 
could lead to further enhanced thermoelectric performance.  
3.1 Synthesis 
2H6 and CH4 at elevated temperatures in a LPCVD system. Typical 
synthesis conditions are described here. Silicon (Si) wafers with one-micron-thick 
thermally grown silicon dioxide (SiO2) purchased from University Wafer were cut into 
small pieces (10 mm × 25 mm). These SiO2/Si substrates first went through a three-step 
cleaning process, including (i) ultrasonic cleaning by certified ACS grade acetone and 
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methanol (Branson Ultrasonic Cleaner; 70W, 3 minutes), (ii) blow drying by compressed 
nitrogen, and (iii) oxygen plasma cleaning (Kurt J Lesker: Plasma-Preen 862; oxygen 
flow rate: 1.94 standard cubic feet per hour, 425 W, 3 minutes). The cleaned substrates 
were then coated with a 2 nm-thick nickel (Ni) thin film using magnetron sputtering 
(Denton Vacuum: Desk IV TSC). The coated substrates were subsequently loaded into a 
quartz boat, and placed in a desired position in the quartz tube of the LPCVD system. The 
whole system was first evacuated to a pressure of ~7 mTorr, after which the quartz tube 
was ramped up to 1050 °C (center position temperature measured outside the quartz tube 
by a thermocouple) in 50 minutes. A constant flow of 15 sccm (standard cubic 
centimeters per minute) Ar (Linde: 99.999% UHP) was maintained during the whole 
experiment. To synthesize boron carbide 1D nanostructures, 15 sccm B2H6 (Voltaix; 5% 
Ultra High Purity B2H6 in research grade Ar) and 15 sccm CH4 (Linde Gas; compressed 
methane) were introduced to the quartz tube for 45 minutes at 1050 °C. The typical 
reaction pressure was ~440 mTorr.  
After reaction, the quartz tube was cooled down to room temperature naturally in 
~5 hours. The substrates were then taken out and characterized by Scanning Electron 
Microscopy (SEM; JEOL JSM-6480), and Transmission Electron Microscopy (TEM; 
JEOL JEM-2100 LaB6
A schematic drawing of the furnace and the products on different locations are 
given in Figure 3.1. Since the heating temperature is measured and controlled by a 
 microscope) including electron diffraction, high resolution TEM 
(HRTEM) and Energy Dispersive X-ray Spectroscopy (EDS; Oxford Instruments: with a 
super atmospheric thin window X-ray detector which is capable of detecting boron). 
3.2 Characterization of the As-Synthesized Nanowires 
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thermocouple at the center of the tube furnace, the reaction temperature inside the tube is 
the highest at the center and drops to the lowest at the ends of the tube, as shown by the 
solid curve. Source gases (B2H6 and CH4) and carrier gas (Ar) are introduced from the 
right inlet. Most of the B2H6 gets decomposed when entering the heated tube, resulting in 
the higher concentration of boron-containing species at the inlet (dotted curve). The 
concentration profile of carbon-containing species produced by decomposition of CH4
 
Figure 3.1 (a) A schematic drawing of the furnace tube, temperature profile and 
concentration profile of reaction species. Products on different substrates are (b) boron 
carbide nanowires on #3 (c) boron carbide nanorods on #2, and (d)α-tetragonal boron 
nanoribbons and nanoplatelets on #1. 
 
 
 is 
shown by the dashed curve.  
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Substrates are put close to the right inlet in different temperature regions. Due to 
the unique combination of temperature and the decomposition rate of B2H6 and CH4
Figure 3.2 (a) is an SEM image of as-synthesized nanowires having diameters 
between 15 and 90 nm and lengths up to 10 µm. In order to find out detailed 
crystallographic information of these nanowires, more than one hundred of them were 
studied by TEM. Typical results are presented in Figure 3.2 (b). Inset I in Figure 3.2 (b) 
is a low magnification TEM image of a part of a nanowire. The catalytic material at the 
tip of the nanowire is clearly revealed. The HRTEM image (Figure 3.2 (b)) of the area 
enclosed by the black rectangle in inset I shows that the nanowire has a single crystalline 
core and a 0.5–2 nm thick amorphous sheath. The image also reveals the existence of 
planar defects such as twins and stacking faults in the nanowire. Inset II is the 
corresponding selected area electron diffraction pattern recorded along the [010] zone 
axis. The streaks in the diffraction pattern further confirm the existence of planar defects 
in the nanowire. On the basis of the HRTEM imaging and electron diffraction pattern 
analysis, the nanowire was found to have a rhombohedral boron carbide lattice. As 
, 
three different types of crystalline nanostructures could be synthesized. They are (1) 
boron carbide nanowires with high aspect ratio in the temperature range of 964–977 °C 
(Figure 3.1 (b)), (2) tapered short boron carbide nanostructures in the temperature range 
of 908–931 °C (Figure 3.1 (c)), and (3) α-tetragonal boron nanoribbons and nanoplatelets 
in the temperature range of 630–750 °C (Figure 3.1 (d)). 
In this dissertation work, the focus is on the nanowires with high aspect ratio 
shown in Figure 3.1 (b), and results are discussed below and in chapters afterwards. 
3.2.1 Identification of As-Synthesized Nanowires 
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mentioned before, boron carbide is a solid solution with carbon composition varying 
between 8.8 and 20 at.%. According to the Joint Committee on Powder Diffraction 
Standards (JCPDS) database, there are at least seven rhombohedral boron carbides such 
as B4C, B10C and B13C2. These boron carbides with different chemical formulas share 
identical crystal structure and similar lattice parameters of variation less than 1.5%. 
Based on the TEM results, it is difficult to accurately distinguish phases between various 
boron carbides. However, the calculated lattice constants for this particular nanowire are 
closer to values for B13.7C1.48 according to the JCPDS 01-071-0363. The growth direction 
of the nanowire was found to be perpendicular to the (001) plane. Figure 3.2 (c) reveals 
the EDS results of compositional information in the core, sheath and tip of the nanowire. 
The existence of B, C, O and Si was found in both the core and sheath. (Note: the Cu 
signal comes from the supporting Cu grid and is not a component of the nanowire). The 
higher O:B (or O:C) ratio observed from the sheath indicates that the periphery of the 
nanowire is rich in O. The inset shows the results from semi-quantitative analysis of 
atomic percentage of B and C in cores of five nanowires. A typical EELS spectrum is 
given in Figure 3.2 (d). The analyzed quantification shows a variation of boron 
composition of 84–88 at.%. EELS results are consistent with that from EDS. Variation of 
compositions can be seen from both EELS and EDS. That is due to the fact that boron 
carbide is a solid solution with carbon atomic percentage varying between 8.8–20% and 
cannot be described by a simple fixed chemical formula (although B4C is being widely 
used as the chemical formula of boron carbide). The catalytic material is composed of B, 
C, O, Ni and Si. A very small amount of Si exists in both the core and the sheath. In 
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general, the Si might come from the SiO2
 
Figure 3.2 Materials characterization of as-synthesized nanowires. (a) An SEM image 
shows both straight and kinked nanowires (pointed by black arrows). (b) TEM results 
show the nanowire has a single crystalline core and a 0.5–2 nm thick amorphous oxide 
sheath. The growth direction of the nanowire is perpendicular to (001) plane. (c) EDS 
results show the compositional information within the core, sheath and catalyst of a 
nanowire. The inset is a summary of atomic percentage of B and C in five different 
nanowires. (d) EELS spectrum taken from one nanowire. 
/Si substrates, quartz boats and quartz tubes 
used for LPCVD synthesis. 
(d) 
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A histogram of diameters is created according to the first ninety-two characterized 
nanowires (Figure 3.3). The diameters were determined by the sizes of the catalyst before 
reaction, when most of catalysts have diameters between 30–60 nm. 
 
Figure 3.3 A histogram of diameters of as-synthesized boron carbide nanowires. A total 
of 92 nanowires were analyzed by TEM characterization. Their diameters were between 
15 and 90 nm. The average diameter was ~48.5 nm, and the standard deviation was ~17.6 
nm. 
 
 
 
3.2.2 Effects of Experimental Parameters 
Other than the standard experiment mentioned in the experimental section (i.e., 
using Ni as the catalytic material, 15 sccm B2H6 + 15 sccm CH4 +15 sccm Ar gas flow, 
1050 °C furnace center temperature, 45 minutes reaction time), a set of controlled 
synthesis experiments were carried out to explore the growth mechanism and optimize 
the growth conditions of boron carbide nanowires. (i) Catalytic Materials. Figure 3.4 (a) 
and (b) illustrate that growth of nanowires occurred only when catalytic materials such as 
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Ni were used. As revealed by TEM analysis, Ni was commonly found at tips of 
nanowires. This result indicates that the growth of these nanowires can be attributed to 
the vapor-liquid-solid (VLS) mechanism.95 Both Ni and Fe were found to be effective 
catalytic materials to grow boron carbide nanowires. (ii) Reaction Time. With other 
parameters (i.e., catalytic material used, reaction temperature and the gas flow rate) 
unchanged, the reaction time was varied from 5 to 120 minutes. No growth of nanowires 
was observed when the reaction time is less than 15 minutes. Between 15 and 80 minutes, 
a longer reaction time led to more and longer nanowires (Figure 3.4 (c) and 3.4 (d)). 
However, further increasing the reaction time to 120 minutes mainly resulted in 
coarsening of nanowires, instead of more and longer nanowires. The optimal reaction 
time was found to be 80–90 minutes, producing nanowires with a mean diameter of ~ 50 
nm and an average length of 10 µm. (iii) Reaction Temperature. The center temperature 
of the furnace was varied from 900–1050 °C with an interval of 50 °C. Growth of 
nanowires was not observed until the center temperature was greater than or equal to 
950 °C. When the center temperature was set as 950 °C (Figure 3.4 (e)), nanowires were 
found in the 879–885 °C temperature zone region. When the center temperature was set 
as 1050 °C (Figure 3.4 (f)), nanowires were observed in the 964–977 °C region. 
Independent of the prescribed furnace center temperatures, the growth region is always 
approximately 1.5 mm long. However, a higher center temperature could lead to 
production of more and longer nanowires. To the best of our knowledge, the observed 
growth temperature (min. 879 °C) in this study is the lowest temperature used to 
synthesize crystalline boron carbide nanowires by vapor-based and carbothermal 
reduction techniques.96 (iv) Ratio between B2H6 and CH4. The effect of amount of gas 
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precursors was studied by changing the flow ratio between B2H6 and CH4. Nanowires 
can be synthesized when the ratio of flow rate between B2H6 and CH4 is less than five. 
For instance, keeping the flow rate of B2H6 as 15 sccm, the growth of nanowires was 
stopped when the flow rate of CH4 was less than 3 sccm. As shown in Figure 3.4 (g) and 
(h), a higher CH4 flow (i.e., lower B2H6/CH4 ratio) can facilitate the growth of boron 
carbide nanowires. (v) Materials of the Substrate and the Reaction Tube. When the 
substrate was changed from SiO2
97
/Si to sapphire and the reaction tube was simultaneously 
changed from quartz to alumina, Al-doped boron carbide nanowires can be synthesized. 
As discussed previously,  the pyrolysis of B2H6 might yield highly reactive boron and 
hydrogen, interacting with substrate and reaction tube and producing gas phase Si-
containing species (such as SiHx
 
Figure 3.4 Results of controlled synthesis experiments illustrate effects of catalytic 
materials, reaction time, temperature and flow rate ratio between B
 radicals, x=1 to 3) or Al-containing species. These Si (or 
Al)-containing species could in turn serve as dopants and produce doped boron carbide 
nanowires. 
2H6 and CH4
 
 on 
growth of boron carbide nanowires. 
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3.2.3 Orientation of Planar Defect 
The crystal structure of boron carbide can be viewed as a rhombohedral distortion 
of the cubic close packing (ccp) of B12 or B11 98C icosahedra.  The (001) planes of the 
rhombohedral cell are considered as the close-packed planes in the ccp arrangement. 
They are stacked by a sequence of ...ABCABC… as illustrated in Figure 3.5 (a). If this 
normal stacking sequence is disturbed, planar defects such as stacking faults and twins 
can be formed. Due to its relatively lower stacking fault energy,99 twins and stacking 
faults are commonly observed in bulk boron carbide, such as sintered samples100-102 and 
boron carbide particle reinforced metal matrix composites.103 For example, a high density 
of (001) twins and stacking faults were observed from hot-pressed B13C2 101 samples.  A 
follow-up simulation work on HRTEM imaging showed that the twin plane passes 
through the center of the icosahedron instead of being translated half-way between the 
rows of icosahedra parallel to (001) plane.102 The introduction of a (001) twin plane 
through the icosahedron distorts the inter- and intra-icosahedral bonding, which could 
lead to increased bipolaron hopping and affect relevant transport properties.102 Twins 
formed in bulk boron carbide are usually deformation twins.100,103 Their formation can be 
partly attributed to the localized stress state induced during complicated synthesis 
processes (e.g., milling, hot pressing).103 Observation of twins and stacking faults have 
also been reported for some boron carbide low-dimensional nanostructures, such as 
whiskers,104-106 nanowires,81,107,108 platelets104 and sheets.109 However, no detailed and 
systematic documentation such as those discussed below can be found.  
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Figure 3.5 (a) Schematic drawing about the cubic close packing structure and the stacking 
sequences for normal crystal, twins, and stacking fault. (b)-(e) Atomic structure of TF 
and AF nanowires. 
 
 
 
In the present work, more than one hundred nanowires were carefully examined 
by TEM. To reveal whether the nanowire has structural defects or not, wide angle of 
tilting was done on each nanowire during TEM examination. Based on the geometrical 
relationship between the fault plane and the growth direction of the nanowire, the faults 
can be categorized into transverse faults (fault plane ⊥ nanowire growth direction) and 
axial faults (fault plane || nanowire growth direction). Figures 3.5 (b) and (c) show a 
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nanowire with transverse faults in which variable width twins and stacking faults are 
revealed. The faults have atomic sharp boundaries, indicating they are not deformation 
faults but growth faults.103 The white line helps the visualization of the zigzag facets on 
the wire side surface. These facets are (100) planes. The marked rotation angle is 
approximately 146°, twice of the inter-planar angle between (001) and (1�00)  planes 
(73°). The two crystallographic equivalent planes: (001) and (1�00) have highest planar 
density in the rhombohedral lattice. Therefore, they are with lowest surface energy and 
can be energetically more favorable to form during growth. For a portion of the nanowire, 
the disturbance of stacking sequence is labeled. The new stacking sequence is 
ABCBABABCA/CABC where the representative microtwinned region is underlined and 
one intrinsic stacking fault is illustrated by /. Figures 3.5 (d) and (e) show a nanowire 
with axial faults. Similar to transverse faults, these axial faults consisted of variable width 
twins and stacking faults. The side surfaces are (001) planes. No clear five-fold cyclic 
twinning structures as reported previously for boron suboxide110 and boron carbide 
nanowires81 were observed in our nanowires.  
3.3 Summary 
The approach to synthesize boron carbide nanowires at a low temperature has 
been discussed. Interestingly, two orientations of planar defects can be observed under 
TEM. Since the two orientations of planar defects would have different impacts on the 
properties of boron carbide nanowires, it is very important to know the growth 
mechanism for each of them and if the defects exist in all nanowires.  
 
 
CHAPTER 4: GROWTH MECHANISM 
 
 
In order to achieve the controlled growth and tell the structure-property 
relationship, the formation mechanism for the boron carbide nanowires, including two 
orientations of planar defects (TF and AF), needs to be fully understood. In this chapter, 
the growth mechanism for TF and AF nanowires will be discussed, along with the 
catalytic materials, growth directions, and kinking structures. 
4.1 Growth Mechanisms for 1D Nanostructures 
There are some classic methods to grow 1D nanostructures, such as vapor-liquid-
solid (VLS), vapor-solid (VS), and solution based methods.  
4.1.1 Vapor-Liquid-Solid (VLS) Method 
The VLS technique was first introduced by Wagner and Ellis to grow Si 
whiskers.95,111 Before reaction, Au nanoparticles are deposited on the substrate to form 
Au-Si alloys, whose melting point is much lower at the eutectic composition. As shown 
in Figure 4.1, when the vapor source (SiCl4 and H2) enters the reaction chamber at a 
temperature above the eutectic temperature, Si is dissolved into the liquid Au-Si alloy 
from the vapor state. The amount of Si is higher at the catalyst surface, so diffusion of Si 
happens from the catalyst surface to the liquid-solid interface. As a result, Si is 
precipitated at the interface from of the supersaturated alloy and the one-dimensional (1D) 
nanostructures are formed. The name VLS is derived from the states of source materials 
during growth. 
54 
 
 
 Catalyst is the key factor in a VLS growth. It must be selected in such a way that 
the grown material and the catalyst can form an alloy with a lower eutectic temperature 
(below the maximum heating temperature of the furnace), although it has been reported 
that the melting point of Au particles is reduced when the diameter goes to nanoscale.112 
Therefore, the absorption, diffusion, and precipitation of the source material can happen 
within the catalyst, as shown in Figure 4.1 (c). Sometimes, the catalyst can also be in a 
partial-molten or solid state at lower temperature. As a result, it becomes faceted, instead 
of a hemispherical shape (Figure 4.1 (d)). It is considered as a vapor-solid-solid (VSS) 
growth in this case. The surface diffusion plays an important role because diffusion 
through the catalyst is limited by the solid catalyst. Since it is the catalyst that leads the 
growth of nanowire, the diameter of the nanowire is basically determined by the diameter 
of the catalyst.  
 
 
 
 
Figure 4.1 VLS growth of Si nanowires (a) Growth procedure. (b) Phase diagram of Au-
Si system. (c) The absorption, diffusion, and precipitation of the source material. (d) 
Growth from a solid-state catalyst.113 
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4.1.2 Vapor-Solid (VS) Method 
Similar to the VLS, the VS method is also using vapor sources to grow nanowires, 
but without catalyst being involved. This method is widely used to grow metal oxide 
nanowires. The vapor sources can be created by thermal evaporation or chemical reaction. 
For example, growth of 1D metal oxide nanostructures was reported by heating the 
commercial metal oxide powders at a high temperature.114 A temperature gradient is 
critical because the source material needs to be heated at the temperature slightly lower 
than its melting point and the temperature of substrate needs to be even lower for the 
deposition of the vapor sources. Other experimental parameters, such as flow rate, 
pressure, and evaporation time, are also important not only for the growth, but also for 
controlling the morphology of the product. Since there is no catalyst to lead the growth, 
various morphologies of the product have been found.115 It was believed that the degree 
of supersaturation has a major impact on the morphology of the product. Whiskers tend 
to grow under a lower supersaturation, while bulk crystals result from higher 
supersaturation.116 
Without catalysts, the ways 1D nanostructures grow are different from that of 
VLS. Deposition an atomic layer at once is rarely seen because it needs more energy. 
Thus, the 1D nanostructures grow by the help of atomic steps, screw dislocations, and 
twin boundaries (Figure 4.2). The basic idea is to introduce more nucleation sites which 
absorb the vapor sources. So the crystal growth happens due to the propagation of those 
sites.  
Sometimes, additional materials are mixed with the source powders to help to 
generate the vapor sources.117 In the case of growing ZnO nanowires, carbon powders 
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can be added with ZnO to reduce ZnO to Zn. The generated Zn is vaporized and 
condensed into droplets in the lower temperature region. As shown in Figure 4.2 d, those 
droplets can act as catalyst for the nucleation of ZnO. This method is called “self-
catalytic growth”. 
 
 
 
 
Figure 4.2 Approaches for the growth of the 1D nanostructures using VS method. (a) and 
(e) Atomic step growth. (b) and (f) Growth results from screw dislocation. (c) and (g) 
Twining induced growth. (d) and (d) Self-catalytic growth.113,118 
 
 
 
4.1.3 Solution-Based Methods 
1D nanostructures can also be synthesized by reactions in the solution. The 
solution method is considered to have the advantages of mass production and low cost, 
with the drawback of relatively poor crystallinity. The common ways of growing 1D 
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nanostructures in the solution are metal-catalyzed solution-liquid-solid (SLS) 
growth119,120 and template-oriented growth.121,122 
The growth mechanism of SLS growth is similar to the VLS growth. The source 
molecules generated by reaction with solution are absorbed by the metal catalysts, which 
leads the growth subsequently. Si nanowires with uniform diameters within 5 nm were 
observed by SLS growth due to the available smaller size of the Au particles (~2-3 nm in 
diameter).119 
Another way to grow nanowires in solution is to use template, such as anodized 
alumina membranes and polymer porous membranes, to direct the growth.121,122 After 
deposition, the template needs to be removed, and the as-synthesized nanowires are 
usually polycrystalline.116 Surfactants can also be used to guide the 1D growth. They can 
be attached on specific surfaces of the crystal, so that growth of those surfaces is 
prevented. The surfactants, acting as a soft template, can be removed afterwards to obtain 
the nanowires (Figure 4.3). 
 
Figure 4.3 Nanowires growth caused by surfactants. (A) Surfactant form a cylindrical 
micelle. (B) Growth of nanowire within the micelle. (C) Removal of the micelle. (D)-(F) 
Similar to the process in (A)-(C), surfactants with the “heads” facing outwards lead to the 
growth of a tube.116 
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4.2 Catalyst 
Substrate should have a major impact on the epitaxial growth. But the boron 
carbide nanowires are not epitaxially grown. That is why catalyst is discussed first. 
As mentioned in chapter 3, the boron carbide nanowires grow via the VLS 
mechanism. The catalyst is critical for the growth control. The best way to investigate 
how the catalyst leads to the growth is to use in situ TEM to take real time images.123-127 
By looking at the evolution of the catalyst (liquid or solid) and the propagation of the 
interface, the dynamic growth process can be better revealed. Videos can also be taken 
under TEM to record the growth process.125,126 However, due to the limitation of the 
TEM used in this work, images were taken after growth. 
4.2.1 Shape and Interface 
Careful TEM work was done on hundreds of nanowires. By looking at the shapes 
and interfaces of the catalysts, the states (liquid or solid) during reaction can be 
determined, although the catalysts being observed during TEM are the ones after reaction. 
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Figure 4.4 Shapes of catalysts and interfaces for the TF and AF nanowires. (a) Well tilted 
TF nanowire. (b) Well tilted AF nanowire. (c) TF nanowire viewed from a random 
direction. (d) AF nanowire viewed from a random direction. 
 
 
 
According to the TEM results on catalysts (Figure 4.4 (a)), when the zone axis is 
tilted to the [010] direction (the direction when planar defect can be clearly seen), TF 
nanowires tend to have a hemispherical-shaped catalyst and a flat interface. That 
indicates the growth happened via layer-by-layer deposition at the interface and the 
catalyst was in a molten state during the growth. The interface is (001) plane with planar 
defects, which means growth is realized by the stacking of the defect plane. Consequently, 
when there is a twin plane or stacking fault, it leaves a zig-zag shape wire boundary, as 
given in Figure 3.5. On the other hand, when viewed from [010] direction, most of the 
AF nanowires have irregular-shaped catalysts and a zig-zag interface (Figure 4.4 (b)). It 
(b) 
(d) 
(a) 
(c) 
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looks like an “irregular” shape, but actually the zig-zig interface is composed of several 
segments along the original and twinned (100) planes of the boron carbide. The 
propagation of those (100) planes leads to the growth. The faceted catalyst is believed to 
be in the solid or partially molten state during growth. However, if the viewing directions 
are tilted away from [010] direction of the nanowires, the interfaces are not that clear 
anymore, but the spherical or faceted shape can still be seen, as shown in Figure 4.4 (c) 
and (d). Thus, the TF nanowires grow via VLS mechanism, whereas AF ones grow via 
VSS mechanism. Both TF and AF nanowires can be found in the same batch.  
The reason of the co-existence of both TF and AF nanowires might be the 
fluctuation of local temperature during growth. The solidification process has been 
recorded by in situ TEM observation.125,128-130 It was shown clearly that the 
hemispherical-shaped liquid catalyst became faceted when temperature was decreased. 
Similar phenomenon has been seen in our experiments. At a higher heating temperature 
(1050 °C), both TF and AF nanowires can be found. When temperature was reduced to 
950 °C, most of the nanowires are found to be AF. Therefore, temperature is the 
important factor that controls the states of catalyst and the orientations of planar defect. 
Another reason might be the fluctuation of source materials. With a phase diagram in 
mind, when the composition shifts away from the eutectic point, the liquid state alloy 
would solidify. However, it needs to be verified by systematic work in the future. 
4.2.2 Phase Identification 
Given that the TF and AF nanowires are guided by liquid and solid catalysts, 
respectively, it is very important to identify the phases of the catalysts. EDS and 
diffraction patterns were used to figure out the structures of the catalysts. When it comes 
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to the identification of an unknown material, one single diffraction pattern is far from 
enough. A series of diffraction patterns need to be taken systematically. The strategy is 
that an EDS spectroscopy can be taken to indicate the existing elements in the catalyst, 
then the specimen needs to be tilted within a specific lattice plane, usually the low index 
one, so that a series of diffraction patterns can be taken with the same tilting direction. 
When several low index zone axes are found within that specific plane, diffraction 
patterns can be analyzed and a material can be found to match all the patterns. Based on 
the indexation of each diffraction pattern, the angle for each tilting step can be 
theoretically calculated. This theoretical angle is compared with the actual tilting angle 
from TEM readings. If all the theoretical angles match the actual angles, the material 
found in the previous step can be verified. If the angles do not match, it means the 
assigned material is incorrect. 
EDS results show that boron and carbon can be found in the catalysts. Also, if 
quartz tube and boat are used, abundant silicon can be found in the catalyst. To minimize 
the possible elements in the crystalline phase, data used in this section are all taken from 
the nanowires synthesized with alumina tube and boat. Thus, the phase to be identified 
can be any combination of Ni, B, C, and perhaps O.  
Following this strategy mentioned above, a lot of efforts were put to take 
diffraction patterns on the catalysts from TF nanowires. Surprisingly, the diffraction 
patterns do not match any of the record in the JCPDS database, but one of the diffraction 
pattern does look like the pattern of a hexagonal lattice from [001] direction. Because 
there is no available record matching these patterns, we assume this is a hexagonal phase 
and try to see if it can be proved. One major challenge is that the specimen holder is 
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limited to tilt ± 30° in each direction, so that the diffraction patterns cannot cover all the 
lower index zones each time. What we did was to take all the obtainable patterns on each 
catalyst from TF nanowires and try to find the same pattern from the data taken on 
different nanowires to connect patterns. By doing this, we might draw a diffraction map 
including all the lower zone axes. Fortunately, the map of diffraction patterns given in 
Figure 4.5 can be drawn by connecting the diffraction patterns from several sections. 
Based on the measured d-spacing in the diffraction patterns, the catalyst for TF nanowires 
is identified as a hexagonal nickel boride phase with a=8.2 Å and c=3 Å.  
 
 
 
 
Figure 4.5 A series diffraction pattern taken on the unknown catalyst, confirming the 
hexagonal lattice structure. 
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In the case of the catalysts on AF nanowires, same strategy was applied. Those 
catalysts are found to be nickel boride (Ni4B3
 
) with an orthorhombic structure. 
As mentioned in 4.2.1, most of the orthorhombic phase can be found with a lower 
synthesis temperature (950 °C). If the temperature is increased to 1050 °C, more 
hexagonal phase catalyst shows up. That can be attributed to the difference of the melting 
temperatures for those two phases. The melting temperature of orthorhombic phase is 
1018 °C, while the hexagonal phase might have a lower melting temperature. Therefore, 
the orthorhombic phase becomes solidified first and leads to the growth of AF nanowires 
when the temperature is decreased. The synthesis temperatures and catalyst statuses for 
TF and AF nanowires are summarized in Table 4.1. 
 
 
 
Table 4.1 Dependence of TF and AF nanowires on the growth condition, especially the 
catalyst. 
TF AF 
Synthesis temperature 1050 °C 950 °C 
Catalyst shape Hemispherical Faceted 
Catalyst state Liquid Solid or partially molten 
Catalyst phase Hexagonal Orthorhombic  
Interface Flat Zig-zag 
 
 
 
4.3 Growth Directions  
Although nanowires prefer to grow in the direction that minimizes the total 
energy, they have been observed to grow in different directions.131 Researches focusing 
on the growth direction of nanowires show that it is dependent on nanowire’s 
diameter,132-136 synthesis temperature,137,138 total pressure,139,140 and partial pressure of the 
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source materials.141-143 In this study, the first 130 characterized nanowires were selected 
to see the diameter distributions for TF and AF nanowires (Figure 4.6). The nanowires 
being characterized under TEM were randomly chosen. There are 59 TF and 71 AF 
nanowires totally and most of the nanowires have diameter between 30-90 nm. There is 
no clear diameter-dependent growth direction, indicating that the growth direction of 
boron carbide nanowires is mainly controlled by the state of catalyst, which depends on 
temperature and pressure. 
 
 
 
 
Figure 4.6 Diameter distributions of TF and AF nanowires. 
 
 
 
It is known from chapter 3 that TF nanowires grow perpendicular to the (001) 
plane and AF nanowires grow parallel with (001) plane. But the actual growth directions 
need to be specified to better understand the growth mechanism and to help the further 
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study given in the next chapter. Although the term “growth direction” is frequently used 
to explain the growth of 1D nanostructures, sometimes it is not used correctly.144 The 
situation is caused by two problems.  
 
 
 
 
Figure 4.6 Illusive “growth direction” happens when the growth direction is not 
perpendicular to the incoming electron beam. 
 
 
 
First, a TEM image is actually a projection image from the crystal according to 
the orientation it is placed inside TEM. The growth direction is correct only when it is 
perpendicular to the electron beam. Like the schematic drawings given in Figure 4.6, 
there are two nanowires with different growth directions. Assume that the nanowire-
catalyst interfaces for the two nanowires are the same plane (e.g., (001) plane in a cubic 
lattice). From the labeled electron beam direction, what we see on the screen is the same 
(Figure 4.6 (b)). Therefore, [001] direction could be considered as the “growth direction” 
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for nanowire 2 by mistake. This happens all the time whenever conclusions are drawn 
based on the diffraction pattern from one single direction. To solve the problem, the 
diffraction patterns have to be taken from two or more zone axes.  
The second problem arises from the misunderstanding of the seven crystal 
systems. For example, assume the nanowire 1 in Figure 4.6 has a cubic structure. Then its 
growth direction, normal to the (001) plane, is [001] direction. But the situation when 
direction is the normal direction for the plane with the same index only works with cubic 
structure. The growth direction of a nanowire with any other crystal systems cannot be 
indexed this way. Take the rhombohedral boron carbide crystal for example (Appendix I), 
the normal direction for (001) plane is [0.292�������, 0.292�������, 1], instead of [001]. In reality, the 
determination of growth direction usually involves the comparison of the TEM image 
with its diffraction pattern. If the nanowire is verified to be perpendicular to the electron 
beam (nanowire 1 in Figure 4.6), and the image of nanowire is passing the (001) 
diffraction spot in the pattern, the more accurate way to describe the growth direction 
would be: it is normal to the (001) plane. It needs to be extremely careful when talking 
about growth direction based on the diffraction spots. 
In the case of TF nanowires, TEM images and diffraction patterns were taken 
along [1-10] and [010] directions while it was tilted within the defect plane (001). It can 
be seen from Figure 4.7 that when the nanowire is tilted within (001) plane, its growth 
direction is always the normal direction of the (001) plane. It means that the normal 
direction of (001) plane is the true growth direction, not the illusive one. This plane 
normal, which is the growth direction for TF nanowires, is calculated as [0.292�������, 0.292�������, 1] 
(See Appendix I).  
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Figure 4.7 TEM images and diffraction patterns taken from the [1-10] and [010] 
directions of a TF nanowire. 
 
 
 
Following the same strategy, an AF nanowire was tilted to [010] and [001] 
directions (Figure 4.8). The growth direction is within (001) and (010) planes from [010] 
and [001] directions, respectively. The intersection of those two planes is [100] direction, 
so that is the growth direction for AF nanowires. 
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Figure 4.8 TEM images and diffraction patterns taken from the [010] and [001] directions 
of an AF nanowire. 
 
 
 
4.4 Other Structures 
Catalyst migration and shrinking during the VLS growth have been observed 
under SEM or TEM, which leads to tapered nanowires, kinks, and branches.145-147 A 
shrinking catalyst over time leads to the tapered nanowires. The ostwald ripening effect 
was observed for the catalysts. While the smaller ones are being consumed gradually, the 
diameter of the nanowire decreases as well.145 If the catalyst migrates from the top to the 
side wall in a sudden, a kink is triggered. The cause of kinks is considered to be change in 
temperature,148-150 high vapor pressure,141,150,151 and change in vapor pressure.139,152,153.  
Tapering is not observed in boron carbide nanowires, so examples of kinks and 
branches will be given in the following sections. Sometimes the nanowires change their 
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growth directions, giving rise to the kinked structures. As discussed above, normally 
nanowires have only two growth directions (TF and AF). The growth direction changes 
happened from a TF nanowire to another TF one (TF-TF), or from an AF nanowire to the 
TF one (AF-TF). It can be seen from Figure 4.9 that for the TF-TF kink, there is a joint 
area (labeled in red loop) between two arms of TF nanowires. Surprisingly, there is no 
defect in this area. The (001) and (100) planes of this defect-free crystal are the growth 
fronts for the two TF arms. The kinking angle is simply the angle between the (001) and 
(100) planes. That is, as measured, 107°. Kink like this does not have a 90° angle, which 
implies it is not due to the catalyst migration towards the side wall. Instead, this TF-TF 
kink comes from the uneven growth rates from different facets. What happened within 
the joint area is the process of termination of growth normal to the original (001) plane 
and the initiation of the growth normal to the new (100) direction. A shape change of the 
catalyst might be involved to accommodate the two planes. This has been recorded by 
real time TEM150 and explained by a simulation model.154 
 
 
 
 
Figure 4.9 Two types of kinks. The arrows are point to the growth direction in each 
segment. (a) TF-TF kink. (b) AF-TF kink. 
(a) (b) 
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On the other hand, the AF-TF kink has a direction change of 90°, which means 
the TF segment grows directly on the side wall of AF segment. Apparently, this results 
from the catalyst migration from the top of AF segment to its side wall. If the partially 
molten catalyst becomes a liquid droplet, it is not stable anymore on the zig-zag 
supporting interface and can slide along the side wall. That leads to the AF-TF kink, but 
the orientation of defect plane is not changed. Figure 4.10 gives the evidence of catalyst 
migration from the top of an AF nanowire to its side wall. The shape of the catalyst has 
become spherical. If reaction continues, an AF-TF kink will be obtained from the side 
wall growth. 
 
 
 
 
Figure 4.10 Catalyst migration to the side wall of an AF nanowire. 
 
 
 
Catalyst can also be spitted at the joint area of the TF-TF kink. As a result, a 
boron carbide “tripod” is created with a stem growing in the normal direction of (001) 
plane and two arms growing towards the normal directions of (100) and (010) planes. 
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The angle between each two segment is 107°, same as TF-TF kink. This could be the 
building block of boron carbide branches. 
 
 
 
 
Figure 4.11 Boron carbide “tripod” made of TF-TF kinks. Assume the growth direction 
of the stem is normal to the (001) plane. (a) Viewing from [100] direction. (b) Viewing 
from [010] direction. 
 
 
 
4.5 Summary  
The growth of boron carbide nanowires was achieved by VLS mechanism. The 
catalysts on the tips of nanowires play an important role on the growth direction. They 
were identified as two Ni-B phases. The liquid hexagonal phase catalysts lead to the 
growth of TF nanowires. While the solid orthorhombic phase catalysts lead to the growth 
of AF nanowires. The growth directions for TF and AF nanowires were specified by 
TEM observation from more than one direction. The unstable catalyst could give rise to 
the kinks and branches. 
 
(a) (b) 
 
 
CHAPTER 5 “INVISIBLE DEFECTS” 
 
 
As discussed in the previous chapters, planar defects were found within the as-
synthesized nanowires. This observation is consistent with what people found in bulk 
boron carbides.63,68,69,71,72,75 The existence of planar defects with a high density is due to 
the relatively lower stacking fault energy for the (001) plane.63 As a result, defects only 
happen within the (001) plane. Due to the three-fold symmetry of its rhombohedral unit 
cell, there are three equivalent lattice planes that can be the defect plane: (100), (010), 
and (001). 
The existence of defects would have some major impact on the mechanical,155 
electrical,156 thermal,157 and optical158 properties of 1D nanostructures. Thus, it is crucial 
to know their nature such as existence, distribution and orientation within each nanowire 
to establish the structure-property relations. 
Transmission electron microscope (TEM) images and the diffraction patterns 
were used to analyze those nanowires. However, due to the sophistication of the TEM 
technique, sometimes, experimental artifacts could be erroneously interpreted or lead to 
controversy.144,159-162 To date, most planar defect-related studies have been focused on 1D 
nanostructures made of silicon, silicon carbide, III-V (e.g., GaAs and InP), or II-IV 
compounds (e.g., ZnO and CdSe), whose crystal structures are either cubic or 
hexagonal.160-167
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In this chapter, more TEM examination and a model simulation will be addressed 
to gain a deeper understanding of the nature of planar defects in boron carbide nanowires 
to answer to questions. (1) Do planar defect-free boron carbide nanowires really exist? (2) 
If planar defects exist in all of our as-synthesized boron carbide nanowires, can their 
orientations be determined from TEM results showing no characteristic features (i.e., 
results from the “off-zone” directions as discussed later)? It is expected that different 
orientations of planar defects could have distinctive effects on the properties of these 
nanowires, similar to that physical properties of superlattices could be very different 
along their in-plane and cross-plane directions.33,168 Therefore, it is important to know the 
fault orientation of each boron carbide nanowire. 
The as-synthesized nanowires were first transferred from substrates to a small 
block of elastomeric polydimethylsiloxane (PDMS) by a gentle stamping process. 
Individual boron carbide nanowires were selected and picked up by a sharp probe 
mounted on an in-house assembled micromanipulator and then transferred to a TEM grid 
layered with lacy carbon support film. This operation was done under an optical 
microscope equipped with long working distance objective lenses. In each mesh of the 
TEM grid, only one nanowire was placed. During TEM study, each nanowire was 
subjected to a full range of tilting examination. The tilting range was set by the 
configuration of our microscope, as described later. For the nanowire that appeared to be 
planar defect-free in the initial round of TEM examination, it would be picked up by the 
sharp probe and repositioned onto another region of the lacy carbon support film for 
reexamination. This challenging and tedious reposition-reexamination process was 
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repeated several times for some nanowires to reveal the true nature of planar defects 
inside them. 
A JEOL double-tilt holder was used to realize the wide angle of tilting (±30° in 
both X and Y directions). Software packages (CrystalMaker® and SingleCrystal™) were 
used to construct, display and manipulate three-dimensional models of boron carbide unit 
cell and nanowires, as well as to simulate corresponding electron diffraction patterns. 
5.1 “Hidden” Defects 
5.1.1 The Existence of “Hidden” Defects 
As described previously,169 {100}-type planar defects such as stacking faults and 
twins of variable width are commonly observed from as-synthesized boron carbide 
nanowires. The planar defects can be further categorized into transverse faults and axial 
faults, depending on the geometrical relation between the planar defects and the preferred 
growth direction of a nanowire.  Figures 5.1 (a) and (b) show the typical HRTEM images 
of a TF nanowire with planar defects perpendicular to its preferred growth direction, and 
an AF nanowire with planar defects parallel to its preferred growth direction, respectively. 
However, some nanowire seems to be defect-free due to the lack of modulated contrast in 
the image and streaks in the electron diffraction pattern even after wide angle of tilting, as 
shown in Figure 5.1 (c). But after tilting the nanowire to a different zone axis, all “hidden” 
planar defects emerged as clearly shown in Figure 5.1 (d), revealing a TF nanowire. This 
example undoubtedly demonstrates that one cannot conclude that a nanowire is planar 
defect-free based on TEM results obtained from one single viewing direction. A full 
range of tilting examination from multiple zone axes is necessary to obtain a reliable 
conclusion. Moreover, in specific occasions, even after a full range of tilting examination 
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limited by the configuration of a microscope, there is still a possibility of neglecting the 
existence of planar defects. Figure 5.1 (e) is a low magnification TEM image of another 
boron carbide nanowire. An initial full range of tilting examination suggests that the 
nanowire is planar defect-free, as shown in Figure 5.1 (f). However, after repositioning 
the nanowire (Figure 5.1 (g)) and reexamination, the “hidden” planar defects are revealed 
in Figure 5.1 (h) and the nanowire is identified as an AF nanowire. This example further 
demonstrates that the existence of planar defects cannot be fully revealed by observation 
from one single zone axis. In the current study, sixteen planar defect-free-like nanowires 
were subjected to multiple rounds of reposition and reexamination, and planar defects 
were seen from all of them eventually. This new finding strongly suggests that planar 
defects exist in all of our as-synthesized boron carbide nanowires. However, these defects 
are not always visible from routine characterization. 
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Figure 5.1 Typical TEM results of (a) a TF nanowire whose preferred growth direction is 
perpendicular to (001) planar defects, and (b) an AF nanowire whose preferred growth 
direction is parallel to (001) planar defects. TEM results of a nanowire whose planar 
defects are (c) invisible along the [110] zone axis, but (d) clearly revealed after titling to 
the [010] zone axis.  TEM results of (e) a nanowire whose planar defects (f) are invisible 
after a full range of tilting examination. The same nanowire (g) was picked up and 
repositioned by a micromanipulator. Planar defects (h) are now clearly shown. 
 
 
 
5.1.2 The Origin of “Hidden” Defects 
It is now clear that during TEM examination, planar defects can be easily 
invisible in boron carbide nanowires. Analysis indicates that the simplified reason for this 
invisibility is that the viewing direction is not along some specific directions parallel to 
planar defects.  
The crystal structure of boron carbide (Figure 5.2 (a)) can be viewed as a 
rhombohedral distortion of the cubic close packing (ccp) of B12 or B11 170C icosahedra.  
The {100} planes of the rhombohedral cell are considered as the close-packed planes in 
the ccp arrangement. If one stacks the specific close-packed (001) plane (shaded in 
Figure 5.2 (b)) in an ABCABC… sequence,169 a planar defect-free structure can be 
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realized. If this normal stacking sequence is disturbed, planar defects can be formed169 
and designated as the (001)-type. During TEM examination, characteristic features of 
planar defects can only be seen when the viewing direction is parallel to this (001) plane. 
In addition, even within the (001) plane, to record TEM characteristic features of planar 
defects requires viewing along certain lower index zone axes, which further reduces the 
chance of seeing the defects, as explained below. 
 
 
 
 
 
Figure 5.2 (a) The rhombohedral lattice of boron carbide. Eight 12-atom icosahedra 
locate at the corners and one 3-atom chain occupies the longest diagonal of the 
rhombohedron. (b) A schematic drawing of the rhombohedral unit cell. The shaded plane 
is the (001) plane. Within the plane, orange lines represent the three “in-zone” directions: 
[100], [010] and [11�0], along which planar defects can be observed. Blue lines represent 
the three “off-zone” directions: [001], [101�] and [011�], from which the planar defects 
cannot be seen. (c) A roadmap consisting of simulated diffraction patterns of major low 
index zone axes within the (001) plane. During TEM examination, the roadmap helps the 
operator to determine whether it is possible to tilt to the desired zone axes. 
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A roadmap consisting of simulated diffraction patterns of major low index zone 
axes within the (001) plane is shown in Figure 5.2 (c). During TEM examination, this 
roadmap can help us to judge if it is possible to tilt to the next zone axis according to the 
calculated angle between different zone axes. For example, it is nearly impossible to 
obtain results from both [1�10] and [010] zone axes on the same nanowire because the 
calculated inter-axial angle (57.1°) is close to the tilting limit of our TEM specimen 
holder (60°). In the roadmap, there are four independent patterns such as those from 
[1�10], [1�20], [010], and [110] directions, as grouped in four colors.  
 
 
 
 
Figure 5.3 Observation of planar defects along the [1�10] ,  [1�20] , [010] and [110] 
directions. The four directions are all parallel to planar defects. However, planar defects 
are clearly visible when viewing along the direction of [1�10]or [010], less distinctive 
along the [1�20] direction, and totally invisible from the [110] direction. 
 
 
 
During TEM examination, planar defects can be seen along directions of [1�10], 
[1�20] and [010] whose diffraction patterns are asymmetric about (001) plane and with 
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streaks in them.  While viewing along the [110] direction, the layered-faults feature is 
hidden because of the mirror symmetry (Figure 5.3). In addition, planar defects are more 
distinctive when viewing along directions of [1�10]  and [010] than that from [1�20] . 
Therefore, in our real TEM practice, only results from the two independent directions, 
[1�10] and [010], are recorded and analyzed. 
There are a total of six equivalent [1�10]-type and [010]-type directions in the 
rhombohedral system, as drawn in orange and blue lines in Figure 5.2 (b). Characteristic 
features of planar defects can be observed by TEM when the viewing direction is along 
the rhombohedral axes or the short diagonal within the (001) plane, i.e., the directions of 
[100], [010] and [11�0]. These three directions (outlined in orange) are denoted as “in-
zone” directions. Meanwhile, the other three directions: [001], [101�] and [011�], located 
out of the (001) plane (marked in blue), are denoted as “off-zone” directions, due to the 
fact that planar defects are invisible from them. 
Now the difficulty to visualize planar defects in boron carbide nanowires becomes 
obvious. If the viewing direction is not parallel to planar defects, the defects will be 
invisible. In addition, even if the viewing direction is parallel to planar defects, depending 
on the initial orientation of the viewing direction, planar defects may also not be observed. 
For example, if the initial viewing direction (i.e., without any tilting of the specimen 
holder) is along the [110] direction within the (001) plane, it is then impossible to see any 
characteristic features of planar defects even after a full range of tilting examination. This 
is due to that approximately ±33°  is needed to tilt from the [110] direction to the “in-
zone” directions: [010] or [100], according to the roadmap shown in Figure 5.2 (c). This 
required titling angle exceeds the tilting limit of ±30°for our specimen holder. 
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5.1.3 Summary 
 In short, planar defects in boron carbide nanowires are likely “hidden” during 
TEM examination. There are only three specified “in-zone” directions, along which 
planar defects can be easily seen. The discussed difficulty of identifying “hidden” planar 
defects in boron carbide nanowires calls for attention to researchers to pay great cautions 
when analyzing microstructures of 1Dnanomaterials with a complicated rhombohedral 
crystal structure. Although planar defects in boron carbide 1D nanostructures were 
neglected or misinterpreted in some previous publications,171-174 some research groups 
have realized this issue just like us.  For instance, the two recent papers on α-
rhombohedral boron-based nanostructures175 and five-fold boron carbide nanowires176 set 
good examples, in which abnormal weak diffraction spots were specifically studied and a 
serial tilting electron diffraction method was conducted to reveal cyclic and parallel 
twinning inside individual nanostructures. Different from these two works, our work 
focuses on planar defect-free-like nanowires whose experimental results are more 
deceptive (i.e., showing no clue of defects from either TEM images or electron 
diffraction patterns), and presents out correct approaches to investigate these nanowires. 
5.2 Identification of Fault Orientations from the “Off-Zone” Results 
Based on the aforementioned results, we believe that planar defects exist in all of 
our as-synthesized boron carbide nanowires. During TEM examination, planar defects are 
invisible in some nanowires even after a full range of tilting examination.  Additional 
manipulation to reposition these nanowires on TEM grids can help to meet the “in-zone” 
condition and eventually reveal the planar defects and their fault orientations (i.e., AF or 
TF). However, this process is challenging and tedious, especially if multiple times of 
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nanowire manipulation are needed. So without the reposition-reexamination process, is it 
possible to identify the fault orientation from results obtained from the “off-zone” 
directions? With the help of CrystalMaker® and SingleCrystal™, a new approach has been 
developed to achieve this. 
5.2.1 Simulated Cases along the Three “Off-Zone” Directions 
The approach is based on the facts that (1) TF and AF nanowires have different 
preferred growth directions, and (2) the preferred growth direction of each type of 
nanowires is unique. Figure 5.4 (a) is a simulated TF nanowire whose preferred growth 
direction is perpendicular to (001) planes. This direction can be derived geometrically as 
[0.292�������, 0.292�������, 1]. Figure 5.4 (b) is a simulated AF nanowire whose preferred growth 
direction is parallel to (001) planes and can be experimentally determined as the [100] 
direction, as discussed in section 4.3. To identify the fault orientation of a nanowire under 
the “off-zone” condition, simulation was done on a unit cell with the growth directions 
labeled on it (Figure 5.4 (c)).  The unit cell was tilted to the three “off-zone” directions, 
generating corresponding simulated cells and diffraction patterns. At each specific “off-
zone” direction, for each type of nanowires, the geometrical relation between the 
(projected) preferred growth direction of the nanowire and diffraction spots in diffraction 
patterns is unique. This relation can then be used to identify the fault orientation within a 
nanowire whose experimental TEM data is only from the “off-zone” directions. 
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Figure 5.4 (a) A simulated TF nanowire whose preferred growth direction is 
perpendicular to (001) planes and can be indexed as[0.292�������, 0.292�������, 1]. (b) A simulated AF 
nanowire whose preferred growth direction is parallel to (001) planes and can be 
designated as [100]. (c) A rhombohedral boron carbide lattice viewing along the [010] 
direction. The aforementioned preferred growth directions are labeled on it.  The red line 
represents the preferred growth direction of a TF nanowire, whereas the yellow line 
represents that of an AF nanowire. 
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Simulated unit cells and their corresponding diffraction patterns along the three 
“off-zone” directions are presented in Figure 5.5. The red and yellow lines indicate the 
(projected) preferred growth directions for TF and AF nanowires, respectively. Figure 5.5 
(a) is the simulated results from the “off-zone” [001] direction. It can be seen that the 
projected TF nanowire goes through 1�1�0 and 110 spots, while the projected AF nanowire 
is perpendicular to the line tying the 01�0 and 010 spots in the diffraction pattern. These 
results are named as “TF case 1” and “AF case 1”. Similarly, simulation results were 
obtained from the “off-zone” [101�] (Figure 5.5 (b)) and [011�] (Figure 5.5 (c)) directions, 
respectively.  All results are further categorized into five cases, as summarized in Table 
5.1. 
 
Figure 5.5 Simulated unit cells and corresponding diffraction patterns when viewing 
along the three “off-zone” directions: (a) [001], (b) [101�] and (c) [011�]. The red and 
yellow lines represent the (projected) preferred growth directions of TF and AF 
nanowires, respectively. 
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Table 5.1 Simulated results for determination of the fault orientation within a nanowire 
whose TEM results are from the “off-zone” directions 
Case No. Zone Axis Alignment of the Projected Preferred Growth Direction in the Diffraction Pattern 
TF case 1 [001] Through 1�1�0 and 110 spots 
TF case 2 [101
�] Through 1�01� and 101 spots 
[011�] Through 01�1� and 011 spots 
AF case 1 [001] Perpendicular to the tie line between 01�0 and 010spots 
AF case 2 [101�] Perpendicular to the tie line between 010 and 01�0 spots 
AF case 3 [011�] Perpendicular to the tie line between 011 and 01�1�spots 
 
5.2.2 Experimental Validation of the Simulated Cases 
To verify that the above simulation results indeed can be used to predict the fault 
orientations of boron carbide nanowires, experimental TEM data from both “in-zone” and 
“off-zone” conditions have to be found on the same nanowire, which turns out to be 
extremely challenging. It is simply impossible to achieve this goal without multiple 
rounds of the reposition-reexamination operations on a single nanowire, during which the 
nanowire could be lost or broken. 
For a TF nanowire, the planar defects are perpendicular to its preferred growth 
direction. When it is laid down on the support film of a TEM grid for examination, most 
of time the viewing direction is parallel to the planar defects (see Appendix II for 
illustration). Therefore it could be relatively easy to tilt to the “in-zone” condition to 
reveal the planar defects, as the typical example shown in Figures 5.1 (c) and (d). In order 
to see results from the “off-zone” directions of a TF nanowire, the nanowire has to be 
positioned extruding out of the support film of a TEM grid with a degree of ~60°, which 
is the angle between [001] and (001) plane, instead of laying on it. This slanting 
geometry is almost impossible to be realized by manipulation or tilting. Fortunately, there 
is a tripod-like branched structure, as shown in Figure 5.6, which provides solid evidence 
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for “TF case 1”. For this branched structure, the three legs grew along the three rhombic 
planes respectively, and all of them were confirmed to be TF nanowires (see Appendix 
III for experimental evidence). Figure 5.6 presents the results when the upper leg was 
tilted to the [001] zone axis. At this viewing direction, the left and right legs are under the 
“in-zone” condition (Figure 5.6 (a), (c) and (d)), while the upper leg is under the “off-
zone” condition (Figure 5.6 (b)).  The upper leg appears to be darker because it is 
pointing out of the image plane.  Analyzing the TEM data, the projected preferred growth 
direction of this leg (label as a red line) is found to go through 1�1�0 and 110 spots, which 
is consistent with our simulated “TF case 1”. 
 
 
 
 
Figure 5.6 Experimental validation of the simulated “TF case 1”. (a) A boron carbide 
branched nanostructure made of three legs. All legs were confirmed as TF nanowires. 
When tilting to the [001] zone axis, (b) TEM results of the upper leg show no 
characteristic features of planar defects. However, the analyzed diffraction pattern agrees 
with our simulated “TF case 1”. TEM results of the (c) left and (d) right legs show 
characteristic features of TF planar defects. 
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For an AF nanowire, the planar defects are parallel to its preferred growth 
direction. When it is randomly laid down on the support film of a TEM grid for 
examination, most of time the viewing direction is not parallel to the planar defects (see 
Appendix II for illustration). In other words, results from the “off-zone” condition are 
commonly recorded and planar defects would be mostly invisible. With the help of the 
reposition-reexamination process, the correctness of all three simulated cases for AF 
nanowires was validated. Figure 5.7 (a)-(c) are results from the same nanowire. As shown 
in (a) and (b), the projected preferred growth directions labeled as yellow lines are 
perpendicular to the lines tying the 010 and 01�0 diffraction spots. These experimental 
results agree with the simulated “AF case 1” and “AF case 2” shown in Figure 5.5 and 
Table 5.1, indicating this nanowire is an AF nanowire. After reposition, the characteristic 
features of planar defects are clearly revealed in Figure 5.7 (c) to confirm that this 
nanowire is an AF one.  Figure 5.7 (d) and (e) are experimental results of another 
nanowire, which confirm the correctness of “AF case 3”. 
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Figure 5.7 Experimental validation of the three simulated AF cases. TEM results of a 
nanowire whose planar defects are invisible from both (a) [001] and (b) [101�] zone axes. 
The analyzed diffraction patterns agree with the simulated “AF case 1” and “AF case 2”, 
indicating the nanowire is an AF one. (c) After the reposition-reexamination process, 
planar defects are revealed and the nanowire is confirmed to have axial faults.  TEM 
results of another nanowire (d-e), which confirms the “AF case 3”. 
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5.3 Summary 
In summary, a thorough discussion on observation of planar defects in boron 
carbide nanowires is presented. There are two major findings. (1) Planar defects can 
easily become invisible during TEM examination, in which case observation along 
different zone axes is a must when studying the nature of planar defects. A roadmap 
based on simulated diffraction patterns along several low index zone axes parallel to 
planar defects is constructed to facilitate the practical TEM examination. (2) An approach 
has been developed to determine the fault orientation (i.e., transverse faults or axial faults) 
within a nanowire even the planar defects are not revealed by TEM, which could 
facilitate further examination of the nanowire and help to establish the structure-property 
relations. Although our discussion is focused on boron carbide nanowires, the above two 
major findings are useful when studying other 1D nanostructures. This study prompt us to 
use cautions when drawing the conclusion of “planar defect-free” 1D nanostructures, 
especially for those made of materials with relatively low stacking fault energy. Last but 
not the least, it is worth pointing out that the current study is focused on long straight 
boron carbide nanowires only. For boron carbide nanowires with kinks, new phenomena 
might be observed in the kinked portions, which is currently under investigation. 
 
 
 
CHAPTER 6: PRELIMINARY RESULTS ON ESTABLISHMENT OF STRUCTURE-
TRANSPORT PROPERTY RELATIONSHIP 
 
 
As mentioned in Chapter 1, even though both electron band structure 
manipulation and thermal conductivity reduction in nanomaterials have been predicted to 
enhance the thermoelectric figure of merit ZT, most experimentally observed ZT 
enhancement comes from thermal conductivity reduction due to phonon scattering at 
nanostructure surfaces and interfaces. For the synthesized boron carbides, which have 
very complex crystalline structures with multiple planar defects such as twins and 
stacking faults, it is of great interest to see whether their thermal conductivity is still 
lower than the corresponding bulk value. This critical information will help to determine 
whether these nanowires will possess an advantage over bulk materials for thermoelectric 
applications. 
In order to see whether phonon-boundary scattering still plays an important role in 
determining the thermal conductivity of the as-synthesized boron carbide nanowires, 
thermal conductivity measurements of individual boron carbide nanowires with clear 
structural information. Each nanowire went through three steps to be fully characterized. 
First, nanowires were picked up from substrates by a micro-manipulator and put onto 
TEM grids with one nanowire in a single grid. Second, the nanowires were characterized 
under TEM to find out the orientation of defect. If a clear TEM image is obtainable on 
certain nanowire, its location is recorded for the thermal measurements and its defect 
density can be counted. Figure 6.1 gives an AF nanowire with a defect density of 7.95%.
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 The third step is to send those nanowires with clear TEM images to our collaborators in 
Vanderbilt University to measure the thermal conductivities. A unique measurement 
technique was used for the measurement.177,178 Figure 6.1 (b) shows an SEM micrograph 
of an individual boron carbide nanowire bridging the two suspended membranes of a 
microdevice with integrated microheaters, thermometers, and electrodes for property 
characterization. To reduce the contact thermal resistance between the nanowire sample 
and the suspended membranes, electron beam-induced deposition (EBID) was used to 
locally deposit some gold at the two wire–membrane contacts. 
 
 
 
 
Figure 6.1 (a) An AF nanowire with a defect density of 7.95%. (b) A boron carbide 
nanowire of 55 nm diameter on a suspended microdevice for measurement of its thermal 
conductivity.  
 
 
 
The measured thermal conductivities are displayed in Figure 6.2. At room 
temperature the thermal conductivities are ~3-7 W/mK, which is much lower than the 
value (~30 W/mK) from bulk boron carbide.57 Moreover, it can be seen that TF 
nanowires have an even lower thermal conductivity, which means the defect planes 
normal to the phonon transport direction work better as phonon scattering sites. Another 
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important factor is the defect density. It can be counted only on AF nanowires because its 
number is infinite in TF ones. According to the three curves on the top in Figure 6.2, AF 
nanowire with a lower defect density (blue one) has a higher thermal conductivity. Since 
planar defects can further scatter the phonons, this result meets the expectation. The work 
is still on-going since the phonon transport can be affected by many other factors, such as 
diameter, carbon concentration, and doping elements. More data is needed to draw a 
whole picture about the dependence of thermal conductivity on nanowire’s structure. 
 
 
 
 
Figure 6.2 Measured thermal conductivities depending on defect orientation and density.  
 
 
 
CHAPTER 7: CONCLUSIONS AND FUTURE WORKS 
 
 
In this dissertation work, crystalline boron carbide nanowires have been 
synthesized by using a LPCVD system. Intrinsic planar defect can also be observed in the 
nanowires. Depending on the orientations of the defect plane, they are categorized as TF 
and AF. The growth habits for TF and AF nanowires are studied, including the growth 
direction and catalyst identification. To help to tell the defect orientation during TEM 
characterization, a method based on lattice calculation and simulation was developed and 
tested. The measured thermal conductivities of boron carbide nanowires are much lower 
than the value from its bulk counterpart. It was also found that the thermal conductivity is 
related to the defect orientation and density. 
There are some questions to be solved in the future. The ultimate goal for this 
project is to be able to grow nanowire with controlled structure, so that the thermoelectric 
performance can be optimized. In the terms of synthesis, the cause of kinks and branches 
needs to be studied carefully by design of experiments. For identification of the catalysts, 
all the analyzed data are based on the Al-doped nanowires. Same strategy can be applied 
on the Si-doped ones. However, in addition to the Ni-B compound, there are also some 
Ni-Si compounds preferred to form below 1000 °C. That makes the procedure much 
more complicated. The status of the catalyst greatly depends on the temperature. Other 
parameters (e.g. flow rate, pressure, and the oxide layer) may also have some impact on 
the catalyst, which could lead to different nanowire structures (TF or AF). More work
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needs to be done on the thermal measurements to come up with a convincing conclusion 
with the structure-transport property relationship studied on each structural factor (e.g. 
diameter, defect, composition, etc.).   
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APPENDIX I: CALCULATION OF THE NORMAL DIRECTION OF THE (001) 
DEFECT PLANE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1 The geometry calculation within the rhombohedral unit cell of boron carbide. 
 
 
 
To represent the normal direction (CA) in terms of three unit vectors a1, a2, and 
a3, some dotted lines are added to help the calculation.  
OD and EF are the diagonals in the bottom (001). 
AC is parallel with the normal direction of (001) plane. It intersects OD at point C. 
AB is perpendicular to OE, so is CB. 
In the unit cell,  
�
OF = OE = 𝑎𝑎
∠FOE = α;  ∠COB = α/2
∠ABO = ∠ACO = ∠CBO = ∠OGE = 90°
  
We know that  
CA = OA− OC 
a2
 
a1 
a3 
O 
A 
B 
C 
D 
E 
F 
G 
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Since OA is the unit vector, OC is what we are looking for. 
In the triangle AOB,  
OA = 𝑎𝑎,∠𝐴𝐴𝐴𝐴𝐴𝐴 = 90° 
So 
OB = 𝑎𝑎𝑐𝑐𝑎𝑎𝑠𝑠𝑎𝑎,𝐴𝐴𝐴𝐴 = 𝑎𝑎𝑠𝑠𝑑𝑑𝑑𝑑𝑎𝑎 
In the triangle COB, 
OA = 𝑎𝑎,∠𝐴𝐴𝐴𝐴𝐴𝐴 = 90° 
So 
OC =  𝑎𝑎cos𝑎𝑎/(cos⁡𝑎𝑎/2) 
Now we know the length of OC, thus its vector can be written as  
OC =
�OC�
�OD�
∙ (𝑎𝑎1 + 𝑎𝑎2) =
�OC�
2�OG�
∙ (𝑎𝑎1 + 𝑎𝑎2) 
In the triangle OGE 
�OG� = 𝑎𝑎 ∙ cos α
2
 
Then OC can be represented by unit vectors 
OC =
cos α
2 cos2 𝑎𝑎
2
∙ (𝑎𝑎1 + 𝑎𝑎2) 
CA = OA− OC = 𝑎𝑎3 −
cos α
2 cos2 𝑎𝑎
2
∙ (𝑎𝑎1 + 𝑎𝑎2) 
So the normal direction is  
[−
cos α
2 cos2 𝑎𝑎
2
,−
cos α
2 cos2 𝑎𝑎
2
, 1] 
Taking α = 65.7° (based on JCPDS 04-007-1018), the normal direction will be 
[−0.292,−0.292, 1] 
O B 
A 
a 
α 
a 
 
α/2 
O E 
G 
acosα 
 
α/
 O B 
C 
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APPENDIX II: ILLUSTRATION OF THE GEOMETRICAL ORIENTATIONS OF TF 
AND AF NANOWIRES ON TEM GRIDS 
 
 
In practical observation, “in-zone” directions generally are easier to be reached on 
TF nanowires than AF ones, due to the fact that planar defects are in different 
orientations inside these nanowires. For TF wires, planar defects are always 
perpendicular to the preferred growth directions (i.e., axial directions). When a TF 
nanowire is randomly positioned on the flat support film of a TEM grid, in most cases, its 
planar defects would be nearly parallel to the incident electron beam, as shown in Figure 
S6(a). As a result, by only tilting the nanowire with respect to its axial direction, “in-zone” 
directions can be relatively easily reached. However, for the case of AF nanowires, planar 
defects are along their axial directions. When an AF nanowire is put on a TEM grid 
randomly, there are a few chances that the planar defects are right parallel to the electron 
beam. One extreme example is shown in Figure A2, in which the electron beam is normal 
to the planar defects. Thus, to reach the “in-zone” directions of an AF nanowire, two 
steps are necessary. First, have the (001) plane parallel to the electron beam by tilting the 
nanowire with respect to its axial direction. Second, tilt within the (001) plane to reach 
the “in-zone” directions. As a result, it is relatively difficult and tedious to reach the “in-
zone” directions of AF nanowires than that of TF nanowires. 
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Figure A2 The relation between the incident electron beam and TF and AF nanowire 
positions on TEM grids 
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APPENDIX III: DETAILED RESULTS FROM THE TRIPOD-LIKE BRANCHED 
NANOSTRUCTURES 
 
 
The tripod-like branched nanostructure discussed in the main paper has transverse 
faults in all three legs. For the left and right legs, the characteristic features of planar 
defects were observed, as clearly shown in Figures 5.6 (b) and (c). For the upper leg, no 
characteristic features were revealed even after a full range of tilting examination. 
However, a new feature so-called “fused rings” (Figure A3 (a)) was discovered during 
the titling observation.  This new feature has been proved as another indicator of 
transverse faults. 
Figures A3 (b) and (c) are TEM results from another nanowire, demonstrating 
why “fused rings” is an indicator of transverse faults. Figure A3 (b) presents results 
recorded from the [1�12] direction, from which “fused rings” are shown in the image 
while no other characteristic features of planar defects can be seen.   The nanowire was 
then tilted to the [010] “in-zone” direction as shown in Figure A3 (c), from which the 
transverse faults are clearly revealed.   Based on these results, it is reasonable to say that 
“fused rings” is one kind of indicators for transverse faults.  
Therefore, the upper leg of the tripod-like nanostructure is a TF nanowire. 
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Figure A3 (a) A low magnification TEM image of the tripod-like branched nanostructure 
discussed in the main paper. At this viewing direction, “fused rings” are observed from 
the upper and right legs, whereas no special features are seen from the left leg.  When 
viewing from other directions, the characteristic features of planar defects are shown in 
the left and right legs, as presented in Figure 5.6. Evidence on why “fused rings” is an 
indicator of transverse faults is presented in (b) and (c). One nanowire originally showing 
“fused rings” when viewed along the [1�12] direction (b) was tilted to the [010] direction 
(c), from which the transverse faults are clearly revealed. 
